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Abstract
This thesis describes work carried out during the three years of a project entitled 
‘Metal Oxide -  Organic Nano-composite and Mesoporous Oxide Films: 
Fundamental Properties and Applications’. The work carried out focuses on 
nanocomposite films prepared mainly with semiconducting Ti0 2  nanoparticles. 
Initially an investigation is carried out into the structural and electronic properties of 
a Ti02-Nafion® film electrode, employing electrochemical and imaging techniques, 
before more complex redox systems are introduced.
Films of nanoparticulate TiC>2 with the organic binder flavin adenine dinucleotide 
(FAD) are readily formed with controlled thickness. AFM and SEM microscopy 
confirms films of 30 nm to 300 nm. FAD as a redox active binder is shown to exhibit 
two distinct electrochemical reduction responses with direct reduction and indirect 
reduction via TiC>2 . New methods for the measurements of electron diffusion within 
the mesoporous oxide are presented. A dramatic electronic difference for films 
before and after calcination is observed.
Structured films of TiC>2 nanoparticles and gold nanoparticles (nominal 20 nm 
diameter) are formed via a layer-by-layer deposition procedure. TiC>2 nanoparticles 
are deposited with a Nafion® polyelectrolyte binder and gold nanoparticles are 
incorporated employing a poly(diallyl-dimethylammonium chloride) polyelectrolyte 
binder. Calcination at 500°C gives a stable mesoporous TiC>2 -  gold nanocomposite. 
The films are characterised electrochemically and by FEGSEM. It is shown that the 
oxidation of NO occurs as a highly effective electrocatalytically amplified process at 
the surface of the gold nanocomposite probably with co-evolution of oxygen.
The immobilisation of hemoglobin as a model biological redox centre is investigated 
in 40nm Ti02 and Sn02- poly(diallyl-dimethylammonium chloride) composite films. 
It is shown that, perhaps surprisingly, methemoglobin is denatured and even 
demetallated in the presence of polyelectrolyte or the charged TiC>2 or SnC>2 surface 
to give Fe(III/II) immobilized in electrochemically active form within the film. Most 
of this Fe(III/II) can be sequestered and identified in a test reaction with 
ethylenediaminetetraacetic acid (EDTA).
Elizabeth V. Milsom Abstract
The physical and redox properties of TiC>2 nanotubes are investigated and compared 
to TiC>2 nanoparticles. It is shown that adsorption of redox species onto TiC>2 
nanoparticles (pzc ca. 6) and on TiC>2 nanotubes (pzc ca. 3) are fundamentally 
different. Cationic redox systems readily adsorb onto the nanotube material but not 
onto the nanoparticulate film. Electron transport through both types of TiC>2 
materials occurs and redox systems such as the cytochrome c (Fe(III/II)) are readily 
detected.
Finally the method of large-amplitude sinusoidally modulated voltammetry is used 
to investigate the conductivity of a Ti02-Nafion® film electrode and probe the 
reduction mechanism of immobilised ferrocenylmethyl-trimethylammonium+. The 
low capacitive background of the second harmonic response is exploited to simplify 
data read out. Application of this system as a reference-free pH probe is explored.
Elizabeth V. Milsom Aims
Aims
The project ‘Metal Oxide -  Organic Nano-composite and Mesoporous Oxide Films: 
Fundamental Properties and Applications’ focuses on the formation of layered oxide 
films (from nanoparticulate TiC^, Sn0 2 , or Ti0 2  nanotubes) with small organic 
binder molecules. Mesoporous functionalised films are formed with controlled 
thickness in a layer-by-layer approach. By depositing the films onto electrode 
surfaces, transport and redox properties can be studied.
The main objectives of the study are (i) to investigate how electron and ion transport 
occurs in mesoporous oxide materials, (ii) how new types of metal oxide thin film 
structures can be produced, (iii) how different types of oxides affect the behaviour of 
these thin films, and (iv) how films with combined electron/ion transport can be 
beneficially applied.
x
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1. Introduction to Nanocomposite Films, Deposition Methods and 
Experimental Techniques
1.1 Introduction to Nanocomposite Films
1.1.1 Nanocomposites
The design of new composite materials is driven by the desire to secure a property or 
combination of properties that are not available in any of the individual components. 
Improved strength, mechanical attributes, high electrical and thermal conductivities 
are all characteristics that have been sought after in composite materials. In the 
context of the area of electrochemistry/ photochemistry/ photophysics composite 
films and particles containing a semiconducting based component have been studied 
and utilized for their improved electrical or optical response[1]. Often these systems 
come under the category of nanocomposites, where at least one of the phase 
dimensions is in the nanometre-size range. Nanoparticles often display properties 
between those described by solid state physics and the quantum effects of atoms and 
molecules. Special chemical and physical properties have been shown to be 
dependent on the particle size, including optical properties, magnetic properties, 
melting points and surface reactivity121. These qualities have been utilized as either 
an evaluation tool or in applications including photocatalysis, photovoltaic cells, 
light emitting devices, sensors and fuel cells.
There are many ways to produce a nanocomposite thin film including spin coating,
sputter coating, thermal deposition, chemical self assembly and Langmuir- Blodgett
techniques. However an area of recent substantial growth is the use of non-covalent
interactions to form electrostatic layer-by-layer assemblies, first introduced by
Decher in 1991[3] and the primary method for formation of nanocomposites in this
thesis. The popularity of the method is due to the ability to create highly diverse thin
films with nearly an unlimited range of functional groups incorporated into the
structure. The area has progressed to include: electroactive polymers, organic dyes,
semiconductor quantum dots, and a wide variety of proteins and other biosystems^4, 
5]
1
Elizabeth V. Milsom Chapter 1
Techniques that can follow the layer-by-layer deposition of films include the Quartz 
Crystal Microbalance (QCM) technique[6]. Imaging techniques such as AFM and 
FEGSEM allow thickness and film morphology to be studied. Neutron and X-ray 
diffraction techniques can give insight into the order and porous nature of the films. 
Electrochemistry is an important tool for the characterisation of mesoporous media 
but also allows for the development of modified electrodes and sensors by 
incorporating redox active centres into the nanocomposite films. These thin film 
environments are of interest for developing modified electrodes as they have very 
high surface areas, allow diffusion within the pores and provide an extensive triple 
interface region where the electrode is in contact with both the solution phase and 
membrane material[7]. Already applications include sensors[8], integrated chemical 
systems^ and electrocatalysis[10].
1.1.2 Nanoparticles
The term nanoparticle can be applied to any particle smaller than typically lOOnm 
and containing 20 -  150 000 atoms. Nanoparticles are classified according to their 
material into metallic, semiconducting or polymeric, and can be synthesised into a 
variety of shapes such as spheres, rods, wires or tubes111J. Nanoparticles have found 
uses in a wide variety of areas including electronics, magnetic and optoelectronics, 
biomedicine, pharmaceuticals, cosmetics, catalysis, and environmental detection and 
monitoring.
Nanoparticulate materials have been attractive objects of chemical research due to 
their bridging status between the solid (bulk) material and molecule[2]. Because of 
their small size, nanoparticles can exhibit different physical properties from the bulk 
material. Most of the difference in properties stems from the extremely high surface 
area of nanoparticles and consequently the large surface to interior ratio of atoms. 
Surface, edge and comer atoms are less coordinated and therefore less stable than 
atoms in the interior of the particle or cluster. For this reason, the comer atoms 
normally exhibit the highest affinity to form bonds to adsorbate molecules, followed 
by the edge and the in-plane surface atoms. The consequence of such can be 
enhanced catalytic properties for nanoparticles due to the higher number of binding
2
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sites available. Similarly these size and stability effects can change the nanoparticles 
physical properties, such as melting points, for the same material when in 
nanoparticulate compared to bulk form.
1.1.3 Semiconducting Metal Oxide Nanoparticles
The mesoporous structure o f the layered nanocomposite films o f interest in this 
thesis are formed primarily from metal-oxide nanoparticles, with small organic 
molecules acting as either binders or as redox active sites. Semi-conducting 
nanoparticles are particularly o f interest due to their electrical conductivity and light 
adsorption/emission characteristics. Common semi-conducting nanoparticles used to 
form thin films have in the past included ZnO, TiC>2 , SnC>2 , M 0 O3 and Fe2C>3 .
In order to understand the processes occurring in the nanocomposite film, the 
transfer o f electrons through the semi-conducting nanoparticles needs to be 
understood. To gain an understanding o f intra-particle electron transfer, the band 
model of solids is used to describe the energy levels within the metal-oxide. As 
described by the Pauli Exclusion Principle, the energy levels o f identical overlapping 
electronic orbitals cannot be equal112\  In a perfect crystal, where there are a large 
number o f atoms, the discrete energy levels o f the atoms broaden when the orbitals 
overlap forming an energy band. The orbitals occupied by the valence electrons are 
called the ‘valence band’ o f the solid, normally a few eV broad. The band associated 
with the first excited state, normally unoccupied by electrons is called the 
‘conduction band’ o f the solid. Mobile electrons in the conduction band and holes in 












Figure 1.1 Band model of solids diagram for (a) a metal and (b) a semiconductor/ insulator
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A forbidden region of energy called the ‘band gap’ is present in insulators and 
semiconductors, between a filled valence band and an empty conduction band. For a 
perfect crystal there are no allowed energy levels for electrons in the band gap. 
However the band gap model is only accurate for the perfect crystal; for a real 
crystal with impurities and imperfections the model is incomplete. Impurities and 
imperfections in the crystal give rise to localised energy levels, such that if an 
electron or hole occupies one of these levels i) it is localised (it no longer has a wave 
function extending through the crystal) and ii) it has an energy level in the band gap. 
Impurities can separated into donors of electrons, often into the conduction band, and 
acceptors of electrons, either creating a hole in the valence band or extracting an 
electron from the conduction band.
For semi- conductors the creation of holes in the valence band and electrons in the 
conduction band can occur when the sample is under illumination and the excitation 
of an electron across the band gap occurs by adsorption of a photon. The excitation is 
initiated by light adsorption with energy equal to or greater than the band gap of the 
semi-conductor[l3]. Alternatively the application of an electrical potential to a 
semiconductor can result in the injection of electrons from an electrode into the 
conduction band of the semi-conductor. The fate of the separated electron-hole pair 
can then follow several pathways. Recombination of the electron-hole pair can occur 
either in the semi-conductor volume or at the surface with the evolution of heat. 
Alternatively and more importantly electron transfer to an adsorbed organic or 
inorganic species, or to the solvent, can occur from the migration of electrons and 
holes to the semi-conductor surface. Photo-induced charge transfer from the semi­
conductor to the adsorbed species is termed heterogeneous photocatalysis. An 
important application of photocatalysis is the purification of contaminants from 
water or air samples using the UV irradiation of nanocrystalline TiCh particles114l  
Electrically induced charge-transfer from the semi-conductor to the adsorbed species 
is termed heterogeneous electrocatalysis. Compared to other semi-conductors TiC>2 is 
favoured due to high photoactivity, being biologically and chemically inert, readily 
available, cheap to use, and also when in the form of nanoparticle films has a high 
surface area.
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1.1.4 Electron transport through nano structured semiconducting films
For mesoporous films the transfer of electrons between the separate nanoparticles is 
also an important process affecting the properties of the film. It has been found that 
electron transport through nanoparticle films is generally slower than in (compact) 
polycrystalline or monocrystalline materials. This has been discussed in terms of 
poor inter-particle electron transfer^151. Electron transport in nanostructured semi­
conductor films is assumed to proceed primarily via diffusion and many mechanisms 
have been proposed including the trapping/detrapping model, where electrons move 
between band gap states via the conduction band[16]. Alternatively a hopping model 
has been proposed, where the electrons move between localized band gap states[1?1. 
Understanding the transport of electrons through these films is an important issue 
and has been the focus of much research[l6], for example in the area of photovoltaic 
devices, where the transport of electrons through a TiC>2 matrix directly affects the 
device efficiency.
1.2 Self-Assembled Nanostructured Materials
1.2.1 Self Assembly
The term self-assembly implies the spontaneous absorption of molecules or 
nanoparticles in a mono-particle thick layer, onto a substrate. Self-assembled 
multilayer films are formed by the absorption of subsequent monolayers of 
molecules or nanoparticles^181.
The act of self-assembly of molecules has been known for over a century and can be 
traced conceptually to the molecular organisation of simple surfactants. In 1891 
Agnes Pockel developed techniques for handling surfactant monolayers^191 but it was 
Irving Langmuir and Katherine Blodgett who demonstrated that compressed 
monolayers of surfactants could be transferred, layer-by-layer, onto solid substrates 
to form ultrathin stable films, now known as Langmuir-Blodgett films[201. 
Development by Sagiv in the 1980’s then led onto the construction of self­
assembling monolayers (SAMs)[21], which obviate the need for surfactant 
compression in a Langmuir balance, but require strong chemical interactions to
5
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anchor the functionalised surfactant to the substrate surface. Since that time the 
construction of monolayers and self -assembled films has extended to include larger 
molecules and supramolecular assemblies, incorporating Fullerenes, 
polyelectrolytes, polystyrene microspheres, silylated glass beads, and surfactant 
coated metallic, semi-conducting, magnetic and ferroelectric nanoparticles[22].
1.2.2 Electrostatic Layer-by-Layer Deposition
The main deposition technique used to prepare nanocomposite films in this thesis is 
the electrostatic layer-by-layer deposition method based on non-covalent 
interactions, first introduced by Decher in 1991[3J. This method has increased in 
popularity over the past decade due to the ease of film preparation, low cost, fast 
preparation time and high diversity of nanocomposites that can be produced. Unlike 
Langmuir-Blodgett films little specialist equipment is required, and unlike the 
preparation of SAMs formation relies solely on the electrostatic interactions of 
component parts.
The formation of multilayered structures is achieved simplistically from solutions of 
polyions or other charged molecular or colloidal particulates. The basis for the 
preparation of layer-by-layer nanocomposite films is shown schematically in figure
1.2 below. The layers are built up sequentially by immersing a substrate such as 
silicon or glass slides with a negatively charged surface into a positively charged 
nanoparticle solution (Step (i)). A rinsing step follows to remove any loosely bound 
material followed by immersion into the negatively charged ion solution (Step (ii)). 
Layers of ions can then be built up in a cyclic procedure that can either be carried out 
manually or by an automated device.
6
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Figure 1.2 Layer-by-layer deposition process involving (i) immersion of substrate into the 
positively charged nanoparticle solution, followed by rinsing then (ii) immersion into the 
negatively charged ion solution.
Because the process only involves adsorption from solution in ordinary beakers there 
are, in principle, no restrictions with respect to substrate size and topology. Similarly 
there are no real restrictions on the type o f  ionic solution used as long as the 
principle o f surface charge reversal is achieved so that another layer can be adsorbed 
on top. Typical adsorption times o f charged molecules range from minutes in the 
case of polyelectrolytes to hours in the case o f gold colloids^41. Diversity in the 
structure, film morphology and surface properties o f different multilayer films has 
been widely studied^181 and can be achieved by altering shielding and adsorption 
conditions. It has been shown that the electrostatic interactions between the ions in 
solution and the surface are key in determining the final structure o f the f iW 23]. 
However secondary shorter range forces also play a role in determining the film 
thickness, final morphology, surface properties and even whether the films are 
stable. Secondary interactions include hydrophobicity, hydrogen bonding and 
dispersion forces in these systems.
1.3 Nanocomposite Thin Films as Substrates for Sensor Systems
Nanocomposite thin films deposited onto a conducting substrate are ideal for a wide 
range o f analytical, sensor and catalytic applications due to their high surface area, 
porosity, inertness and diverse material composition. Already nanocomposite films
7
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have been produced and their unique properties exploited for a wide range of 
applications^241.
!
Assembly of composites with an unlimited range of materials has included 
multilayer films incorporating enzymes with redox polymers or semiconducting 
particles. A sensor for hydrogen peroxide based on a horse radish peroxidase / TiCb 
composite utilises the high surface area and conductivity of the film[25]. Another 
widely studied sensor system for the detection of glucose in biological samples, 
incorporated glucose oxidase with a complimentary cationic redox-active polymeric 
species1261. The breakdown of glucose into by-products is accompanied by a 
reduction/oxidation at the electrode which is monitored electrochemically. Sensors 
based on this system have been found to possess good time response and sensitivity.
The porosity of polyelectrolyte multilayer films has found applications as semi- 
permeable membranes, shown to be able to separate gases with relatively high 
selectivity. A poly(allyl amine)/ sulphonated polystyrene (PAH/SPS) membrane 
shows depressed permeability for O2 and N2 but H2 permeates readily1271. In solution 
Stanton et al[28] reported significant selectivity between C17S04- in SPS/PAH films 
making these polyelectrolyte multilayer films interesting for water desalination and 
heavy metal ion separation techniques.
The electrostatic layer-by-layer assembly method, which allows a high level of 
control over film thickness and composition, has been applied to create a graded 
semiconductor composite film using various sizes of the highly luminescent CdTe 
nanoparticles[291. Fine control over the composition of each layer meant that Kotov 
and co-workers could produce a composite whose particles displayed green, yellow, 
orange and red luminescence spectra respectively due to difference in particle size, 
which varied from 2nm (green) to 6nm (red).
Incorporating semi-conducting TiCb into nanocomposite films has found a wide 
range of applications including photocatalysis of organic pollutants as discussed in 
section 1.1.3. Another area for application of these films is the Dye-sensitized solar 
cell (DSSC), which uses a nanostructured Ti02 film that has a light absorbing dye 
immobilised on to the surface. When illuminated the absorption of a photon by the
8
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dye puts it into the excited state and an electron is injected from the dye into the 
Ti02 film. The electron is transported through the film to a conducting substrate 
where the circuit is completed. The conductive properties of the TiC>2 film is 
therefore an important issue and much research has been carried out into the charge 
transport properties of these films[16l  More recently the inertness and high surface 
area of TiC>2 nanocomposites has been put to use for the study of fragile biological 
proteins, such as cytochrome c[30l  Probing these proteins using electrochemistry and 
under physiological conditions has allowed the study of these proteins and the 
important role they play during the respiratory cycle.
The above examples show just a small proportion of research carried out in the areas 
of nanocomposites, layer-by-layer assembly and semi-conducting particulate 
substrates. It was the aim of this project to expand and combine all of these 
properties into new nanocomposite film electrodes, the properties of which would be 
studied using a variety of techniques and tested as new and potentially useful 
substrates for sensory applications.
1.4 Voltammetric Techniques
Electrochemistry is the study of electron transfer reactions between electrodes and 
reactant molecules, whereby a species is either oxidised by loss of electrons to the 
electrode, or reduced by gain of electrons from the electrode. The diversity of 
electrode reactions that can be studied include electroactive species that are organic 
or inorganic, neutral or charged, a species in the electrolyte solution, a film on the 
electrode surface or even the electrode itself. Techniques used for the study of these 
reactions include linear sweep voltammetry, cyclic voltammetry and potential step 
voltammetry. There are many experimental set ups that can be used to carry out 
these measurements but the most commonly used is the three electrode cell. This 
involves placing the working electrode, reference electrode and counter electrode 
into a cell containing the redox system under investigation and an inert background 
electrolyte. The solution is purged of oxygen with either Argon or nitrogen and the 
experiment is controlled electronically using a potentiostat and personal computer.
9
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electrode
Figure 1.3 Schematic of a standard electrochemical cell.
1.4.1 Equilibrium  Conditions
The simplest electrochem ical m easurem ent can be made when equilibrium  is reached 
between a m etallic electrode (m) and a redox active species in solution phase (aq). 
For a general one electron transfer process the following equation can be written:
0 ( a q ) - \ - 6  (m) R(aq)  (1 .1)
W here the oxidised species O  can be reduced at the electrode surface to the species R  
(or vice versa). As the reaction involves the transfer o f  an electron between two 
distinct phases and as the reaction moves towards equilibrium , a net charge 
separation occurs between the electrode and the solution. This charge separation 
creates a potential difference at the electrode/ solution interface.
The potential difference is fixed for a particular system providing no current is 
passed through the system and can be m easured sim ply by placing into the solution a 
reference electrode and attaching it to the working electrode via a voltmeter. The 
potential difference is then m easured relative to the standard reference electrode, 
which by convention has a potential difference o f  zero. Since no current is drawn 
through the cell, the equilibrium potential reached is dependent on the relative
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concentrations of the species O and R. Nemst[31] showed that for a particular system 
the equilibrium potential, Eeqm, could be calculated from:
Eeqm=E°+-  0-2)
Where E° is the standard electrode potential, R is the gas constant, T  the
temperature, n the moles of electrons, F  the Faraday constant, and [0]/[R] the 
concentration of the species at the electrode surface, which under equilibrium 
conditions is the same as the bulk.
1.4.2 Electrolysis
Electrochemical cells can be operated under conditions where a current flows and 
this is achieved by applying a potential that is different to Eeqm. The potential that 
must be applied to a system, above Eeqm, in order to make the electron transfer 
process favourable is called the overpotential, rj. This overpotential induces the 
exchange of electrons between the electrode and molecules in solution. This can 
happen in either direction so that O is reduced to R:
When electrolysis occurs, in addition to electron transfer at the electrode surface, 
ions must pass through the electrolyte solution between the cathode and anode 
(working and counter electrodes), and electrons through the wires externally 
connecting the electrodes. The current, i, passed through the external circuit is 
therefore a convenient measure of the rate of the cell reaction:
(1.3)
Or so that R can be oxidised to O:
R-+ O + e (1.4)
i = n A F j  (1.5)
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Where n = number of electrons, A = electrode area, F  = Faraday constant, j  = the flux 
of electroactive species reaching the electrode surface. Using Faraday’s Law, the 
amount of charge, q, passed during a time period, t, can be used to indicate the total 
amount of chemical reaction that has taken place, to convert m moles of starting 
material, O, into product, R, involving the transfer of n electrons per molecule[32]:
q = ^ id t  = m nF  (1.6)
For every electrode reaction, in order to maintain a current, it is essential to supply 
reactant to the electrode surface, to remove product from the surface, as well as for 
electron transport to occur. The flux,y, from equation 1.5 relates to the concentration 
of the reactant at the electrode surface and also the heterogeneous rate constant, k0, 
for the electrochemical reaction:
j  = k0[O] o (1.7)
Since the rate of reduction and hence current relies on all of these factors, the overall 
rate of reaction will be dependent on the slowest step. To understand the 
characteristics of an electrode reaction, we need to know about both electron transfer 
and mass transport.
1.4.3 Electron Transfer Kinetics
For the simple one electron transfer reaction:
k  fed
O + e “ R  (1.8)
kox
Where electron transfer is the rate limiting factor, from equations 1.5 and 1.6 the 
current is given by:
ic = F A kred[0]0 (1.9)
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ia =FAk„[R}0(1.10)
And the net current, i, is therefore:
i = F A ( k J R l - k rtd[Ol)(1.11)
At equilibrium  (in the absence o f  any net current flow) the fluxes o f  material 
(K e d [0 ]0 and kox[RJ0) to the electrode surface are balanced. Assum ing electron 
transfer processes behave in a sim ilar manner to chemical rate processes we can 




O (aq) + e- (m)
Reaction Coordinate
Figure 1.4. Free energy plot for a one electron reduction of 0(aq/ 33]. 
W here electron transfer is the rate determ ining step, kre(j, is predicted as:
/  A \
( 1.12)
kred =  A  exp —  A G  red 
~RT
W here A G red is the free energy o f activation and A  is a frequency factor to account 
for the num ber o f  collisions o f  the molecules with the electrode.
The application o f  transition state theory to electrode kinetics, based purely on 
classical concepts leads to the Butler-Volmer m odel o f  electrode kinetics. W idely
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used in the electrochemical literature, it predicts how the observed current flowing at 
the working electrode varies as a function of the overpotential, rj, and the transfer 
coefficient, a:
^ expf M ^ L J 2 L e x P( ^ V
[J iu  Fl  RT I [O U  F1 RT J
(1.13)
The first exponential term describes the anodic contribution to the current and the 
second term shows the cathodic contribution. The overpotential is the deviation from 
the equilibrium potential and the transfer coefficient reflects the transition state of 
the redox active species as it undergoes electron transfer, a can take a value between 
one and zero, depending on whether the transition state resembles either the product, 
R , or the reactant, O. For many reactions a is close to 0.5, suggesting that the 
transition state has intermediate properties.
If the solution under investigation is well stirred, the concentration of species at the 




Where the standard exchange current, z0, is proportional to the standard rate constant 
for the reaction:
i0 = FAk°[RTbult[ O t l  (1.15)
The variation of the current with overpotential as predicted by the Butler-Volmer 
equation is shown below (figure 1.5). The solid curve shows the actual total current, 
which is the sum of the components ic and ia, shown as dashed traces. For larger 
negative overpotentials, the anodic component is negligible and the curve merges 
with that for ic. For large positive overpotentials the curve merges with ia. In going in 
either direction from Eeqm, the magnitude of the current rises rapidly because the
14
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exponential factors dominate. However at high overpotentials the current levels o ff 
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Figure 1.5 Plot showing the variation of current as a function of overpotential as predicted 
by the Butler-Volmer equation1311.
At low values o f  overpotential (close to E eqm), both the anodic and cathodic current 
components are significant. However at high overpotential values, where the anodic 
reaction is driven, it is possible to omit the cathodic com ponent from the Butler- 
Volm er equation to give:
Inf = lnie + — n (1-16)
Similarly, at negative overpotentials where the cathodic process is driven, it is 
possible to om it the anodic component:
\n(-i) = \nio- ^ r /  (1.17)
Equations 1.15 and 1.16 are known as the Tafel equations which are applied in plots 
o f  ln|/| vs. overpotential (figure 1.6). Analysis o f  the slope results in an estimate for
the transfer coefficient and the extrapolated intercept o f  the y-axis gives an estimate 
for the standard exchange current.
15
Elizabeth V. M ilsom Chapter 1
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-3 .5
n, m v
Figure 1.6 Tafel plot for the anodic and cathodic sections o f  a current-overpotential 
curve[31l
For overpotential values less than lOmV, close to Eeqm, the cathodic and anodic 
exponential term s in equation 1.14 can be written as Taylor expansions. Neglecting 
squared and higher terms results in equation 1.18, which shows a linear relationship 
between net current and overpotential in a narrow potential range close to Eeqm.
1.4.4 M ass Transport
The sim plest electrode reactions are those in which the rates o f  all associated 
chemical reactions are very rapid compared to those o f  m ass transfer processes. 
M ass transfer is the m ovem ent o f  material from one location in solution to another 
and arises either from differences in electrical or chemical potential or from the 
m ovem ent o f  a volum e elem ent o f  solution. M odes o f  mass transport are:
• M igration -  The m ovem ent o f  a charged species under the influence o f  an 
electric field.
• Diffusion -  The m ovem ent o f  a species under the influence o f  a gradient o f 
chemical potential (for example a concentration gradient).
• Convection -  The m ovem ent o f  a species by stirring or hydrodynamic 
transport.
16
Elizabeth V. M ilsom Chapter 1
Electrochemical experiments are usually designed so that one or more o f  the 
contributions to mass transfer become negligible. U sually by adding a background 
electrolyte and perform ing experiments in unstirred solutions, contributions to mass 
transport come only from the diffusion o f  a species to the electrode surface.
Before the application o f  a potential to an electrochem ical system  the solution 
composition is constant, however during the course o f  a simple electron transfer 
process, a concentration gradient is induced at the electrode surface, forcing a flux o f 
species O from the bulk solution. The diffusion o f  a species can be described by 
Fick’s first law, which states that the flux,y, o f  species O, through a plane parallel to 
the electrode surface is given by:
j  = dx
(1.19)
W here D0 is the diffusion coefficient and is characteristic o f  the diffusing species.
As the electrolysis reaction proceeds, a diffusion layer is established close to the 
electrode surface where [0 } 0 does not equal [0]buik- Figure 1.7 illustrates how the 
diffusion layer thickness grows as electrolysis continues:
Bulk concentration
Distance from electrode surface (x)
Figure 1.7 Diagram  illustrating the growth o f  the d iffusion  layer thickness with time (t0 
t4)‘331.
A degree o f  natural convection in the bulk o f  solution will limit the ability o f  the 
diffusion layer to expand and a constant or steady state is reached. Under steady state
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conditions transport in the diffusion layer occurs by diffusion alone, whilst natural 
mixing will maintain [0 ]buik outside the diffusion layer.
By combining Fick’s first law of diffusion (equation 1.19) with Faraday’s Law, the 
expression for the diffusion limited current is given by:
id = nF AD r dO_'
\  &  A-o
( 1.20)
Which shows the proportional relationship between current and concentration in 
voltammetry by equating the flux of O to the electrode surface with the flux of 
electrons.
1.4.5 Voltammetry
Linear sweep voltammetry and cyclic voltammetry are important tools in 
electrochemistry as they quickly and easily provide useful information about the 
system under investigation. The experiments are conducted usually in a three 
electrode cell in a stationary solution of electrolyte so that diffusion is the only 
method of transport for the active species to reach the electrode. Linear sweep 
voltammetry works simply by changing the potential of the working electrode from a 
set value of Ei to E2 , usually from a situation where electron transfer does not occur 
to one where it is driven rapidly. As the change in potential is set over a specific 
time, then it is a measurement of the change in current over both a potential and time 
range. Cyclic voltammetry is an extension of linear sweep voltammetry so that once 
E2 is reached, the direction of the sweep is reversed and the electrode potential 
scanned back to Ej.
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Potential
Time
Figure 1.8 Variation of potential with time during a cyclic voltammetry experiment.
The basic shape o f the current response for a cyclic voltammetry experiment is 
shown in figure 1.9.
Current
Potential
Figure 1.9 Basic cyclic voltammogram for reversible one electron reduction and 
oxidation[33].
At the start o f  the experiment the solution contains only the oxidised form o f the 
redox couple O (see equation 1.3) and initially no current is passed since the 
potential applied is not great enough to induce electron transfer. As the redox 
potential for species O is reached, a current starts to pass which rises approximately 
exponentially with potential (time). As the species O is converted to R concentration 
gradients are set up for O and R and diffusion occurs down these gradients (see 
figure 1.7). At the peak current (ipc) the redox potential is sufficient to reduce any O
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that reaches the electrode surface. After the peak current, the current detected is 
controlled by how much O can diffuse up to the electrode surface and so a fall in 
current is seen because as the experiment continues the depletion zone of O around 
the electrode becomes thicker and O has to diffuse further to reach the electrode.
Up to this point the voltammograms for linear sweep voltammetry and cyclic 
voltammetry will be identical, however for cyclic voltammetry we then reverse the 
direction of the potential sweep. Immediately after potential reversal, the oxidation 
current still flows even though the potential is now being swept in a negative 
direction. It is not until the potential is negative enough to reduce the species R back 
to species O that reduction currents are observed. After this point the current rapidly 
increases to the maximum peak current (ip ), after which the concentration of R is 
depleted at the electrode surface and the current once again decays due to diffusion 
control.
For a completely reversible system, the formal reduction potential, E°\ is calculated 
from the cyclic voltammogram to be half way between the oxidation and reduction 
peak current potentials:
rv K + E lE° W p p (1.21)
The separation between peak potentials {Ep and Epa) is determined by the number of 
electrons transferred in the electrode reaction (n) and for a reversible system is:
AEP = Epa - Ep = 57/n m V (at 298K) (1.22)
Slow electron transfer (irreversibility) or uncompensated resistance (iR drop) will 
cause the separation (ASp) to increase1311.
The values of ip and ip should also be identical for a reversible couple. Chemical 
irreversibility, in which a chemical reaction is coupled to the electrode process 
causes departures from unity for the ratio ip / ip .
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In electrochemically reversible systems the electron transfer rates at all potentials are 
significantly greater than the rate of mass transport, and therefore Nemstian 
equilibrium is always maintained at the electrode surface. When the rate of electron 
transfer is insufficient to maintain this equilibrium then the shape of the 
voltammogram changes to that of an electrochemically irreversible system. The most 
marked feature of a cyclic voltammogram of a totally irreversible system is the total 
absence of a reverse peak. The terms ‘reversible’ and ‘irreversible’ refer to limiting 
cases according to whether the electrode kinetics are fast or slow relative to the mass 
transport conditions of the system of interest.
For planar diffusion the peak current for a reversible process may be calculated from 
the Randles-Sevcik equation[32]:
Ip = -(2.69xl05) n3/2c0™Dj/2v1/2 (at 298K) (1.23)
Where Ip is the peak current density in A cm'2, D is the diffusion coefficient in cm2 s' 
\ v is the scan rate in Vs'1, n is the number of electrons transferred per molecule, and 
cj° is the concentration of species O in bulk solution in mol cm'3. Thus the peak 
current density for a reversible system is proportional to the concentration of 
electroactive species and to the square roots of scan rate and diffusion coefficient.
1.4.6 Cyclic Voltammetry at modified electrodes
Many of the electrodes investigated during this thesis contain an adsorbed redox 
species or are chemically modified, and as such the voltammetric characteristics for 
an immobilised redox species differ from those of diffusion controlled redox species. 
Figure 1.10 shows a typical cyclic voltammetric response for a reversible one 
electron transfer, where initially only species O is immobilised on the electrode 
surface:
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Figure 1.10 Schematic diagram showing a reversible cyclic voltammogram o f  an 
immobilised redox species, where £ °surf is the reversible potential o f  the immobilised redox
species [31 ]
In contrast to a voltammogram for a reaction in which both product and reactant are 
dissolved in solution, the peaks are sharp and symmetrical, the current rising 
exponentially from zero to a peak value and then falling back to zero, with little peak 
separation. The symmetrical peak arises because o f the fixed amount o f reactant 
available for reduction; only O immobilised on the electrode surface can be reduced. 
Since diffusion plays no role in the overall electrode process, for a reversible one 
electron transfer system, the analysis is straightforward. It can be shown that Epa = 
Epc and that the peak current density, Ip, is given by:
Ip = ——  (1.24)
” 4 RT
Where n is the number o f electrons in the reaction, F  is the Faraday constant, v is the 
scan rate, A is the electrode area and r totai is the surface coverage in mol cm'2.
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The area under the cathodic peak corresponds to the charge associated with the 
reduction of the adsorbed layer of O, the integration of which gives the number of 
electrons transferred (and consequently the number of molecules adsorbed) and 
hence allows the direct calculation of the electrode coverage, where:
Area under peak „ . . .---------------£-----= nFAT,0U, (1.25)
V
For non-Nemstian systems the shape of the voltammogram changes. For irreversible 
systems the forward peak ceases to be symmetric and there will be no reverse peak. 
For quasi-reversible reactions there will be a reverse peak but both peaks may be 
asymmetric and the peak potentials not coincident.
1.4.7 Electrochemical Impedance Spectroscopy (EIS)
Cyclic voltammetry and methods of studying electrode reactions by imposing 
potential sweeps, potential steps or current steps, typically drive the electrode to a 
condition far from equilibrium, where the observed response is usually a transient 
signal. Another approach is to perturb the cell with an alternating signal of small 
magnitude and to observe the way in which the system follows the perturbation at 
steady state. Initially this method was a way of measuring rate constants of reactions 
involving fast electron transfer, where the measurement was needed to be performed 
on a short timescale so that electrode kinetics rather than diffusion was the rate 
determining process. Now a whole range of ac techniques are employed in order to 
elucidate electrode reactions due to a) the ability to make high precision 
measurements (the indefinite steady state response can be averaged over a long time 
period), b) the response can be treated theoretically by simplification of linearised 
current-potential characteristics (see equation 1.18), c) measurements can be taken 
over a wide time (or frequency) range.
Electrochemical impedance spectroscopy (EIS) is a technique where the impedance 
of an electrochemical cell or electrode is measured and the data modelled using a 
theory that relies on the analogy between an electrochemical cell and networks of
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resistors and capacitors that are thought to behave like the cell. Thus it is important 
to understand some of the basics of ac theory and electrical circuit terminology.
Electrical resistance is the ability of a circuit element to resist the flow of electrical 
current. Ohm’s law defines resistance in terms of the ratio between voltage E  and 
current/31].
R^j-  (1.26)
This relationship only applies to ideal resistors where:
■ Ohms law is followed at all current and voltage levels
■ Resistance is independent of frequency
■ AC current and voltage signals through a resistor are in phase with each other
Non-ideal circuit elements exhibit much more complex behaviour than this so 
instead of resistance the concept of impedance is used. Impedance is also the ability 
of a circuit to resist the flow of electrical current but it is not limited by the above 
rules.
Electrochemical impedance is measured by applying an ac potential to an 
electrochemical cell and measuring the current through the cell. The measurement is 
usually performed at ‘open circuit’ potential so that no net current flows. When the 
ac signal is first impressed, a time dependent diffusion layer is created, but as no net 
current flows, a steady state is set up after a few cycles. The response to the applied 
ac potential will be an ac current. Usually electrical impedance is measured using a 
small excitation signal, to ensure that the cells response is linear (or pseudo-linear). 
For a linear system the current response to a sinusoidal potential will be a sinusoid at 
the same frequency but shifted in phase.
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I
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Figure 1.11 D iagram  show ing phase shift that occurs w hen an AC potential is applied to an 
electrochem ical ce ll and an AC current is observed[34].
The excitation signal expressed as a function o f  tim e has the form:
Et= EoSin(cot) (1-27)
W here Et is the potential at time t, Ea is the amplitude o f  the signal and co is the 
radial frequency, which is related to frequency by:
co=2nf (1.28)
In a linear system  the response current /, is shifted in phase (j) and has a different 
amplitude IQ:
It = Iosin(cot+ </>) (1-29)
An expression analogous to Ohms law allows us to calculate the impedance, Z, as:
Z  = —  = g °s i n W  = z « - sm(fc* ) (1.30)
It Io sin(<2tf + (/)) sin(&* + (/>)
The im pedance is therefore expressed in terms o f  ZQ and a phase shift ^ . Impedance 
can be expressed graphically in the form o f  either o f  a Nyquist plot or a Bode plot
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where the log o f  frequency is plotted on the x axis and the absolute values o f 
impedance ( |Z| = Zo) and the phase shift on the y axis.
EIS data is com m only analysed by fitting to an equivalent electrical circuit model. 
M ost o f  the circuit elements in the model are com m on electrical elements such as 
resistors, capacitors and inductors. Below is a table o f the impedance o f some 
standard circuit components^341:
Table 1.1
Component Current Vs Voltage Impedance
Resistor E = iR Z = R
Inductor E = Ldi/dt Z =jcoL
Capacitor i = CdE/dt Z = 1/jcoC
Very few electrochem ical cells can be modelled using a single circuit element so EIS 
m odels usually consist o f a number o f elem ents in both serial and parallel 
combinations. W hen in series:
h .
Zeq -  Z1+Z2 +Z3 (1.31)
W hen in parallel:
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Zeq  Z 1  +  Z 2  +  Z 3
Some exam ples o f  comm on electrochemical com ponents and their equivalent circuit 
elements are:
• Electrolyte resistor- where the electrolyte solution between the working 
electrode and reference electrode acts as a resistor.
• Double layer capacitance- where the electrical double layer on an interface 
between an electrode and the surrounding electrolyte acts as a capacitor.
•  Polarisation resistance -  when the potential o f  an electrode is forced away 
from its value at open circuit it becomes polarised and there is resistance.
M any com m on equivalent circuit models used to interpret sim ple EIS data are now 
included in the analysis package that comes with the EIS software. The analyst then 
has to find the m odel that best fits the data. Some prior knowledge o f  the nature o f 
the electrochem ical system is therefore useful and the fit will give quantitative data 
on the different elem ents o f  the system studied. A frequently used equivalent circuit 
is called the Randles equivalent circuit[31]:
W here the solution resistance, Rq, is inserted as a series elem ent (all the current must 
pass through this) and the double layer capacitance, Q ,  and the general impedance 
o f  the faradic electron transfer process, Z/, are in parallel. Here the parallel elements 
are introduced because the total current through the working interface is the sum o f 
contributions from the faradic process, if, and the double layer charging, ic.
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1.4.8 Large-Amplitude AC Voltammetry
In ac voltammetry experiments, a three-electrode cell is used in the conventional 
manner, with a single sine wave of amplitude AE and frequency co superimposed 
onto the potential so that:
Et = Edc + AEsin(cot) (1.33)
As with cyclic voltammetry the potential is then swept between two points and the 
resulting current measured over time (potential). Commonly, as with impedance 
spectroscopy, only a small amplitude sine wave of maximum 5mV peak to peak is 
superimposed. This allows a simplification of the treatment for the resulting data 
(see section 1.4.3 and equation 1.18). By uncoupling the long term diffusion due to 
Edc from the rapid diffusional fluctuations due to Eac, the diffusion layer 
concentrations look like bulk values to the ac perturbation due to differences in the 
time scale. The current-overpotential relation is therefore virtually linear at low 
overpotentials and a simple model of electron transfer mechanisms can be applied 
(Butler-Volmer model of electrode kinetics).
In a linear system, excitation by a frequency co, provides a current also of a 
frequency co (and only of a frequency co). When a perturbation larger than 5mV 
peak-to-peak is imposed on the Edc, the system is no longer linear and the current- 
overpotential relation gives a distorted response that is not purely sinusoidal; but it is 
still periodic and contains a dc contribution as well as a supposition (Fourier 
synthesis) of signals at fundamental (at co), second (at 2  co), and higher harmonics^311. 
These second order terms are exceptionally information rich as well as providing 
superior faradaic-to-background current ratios[35l
Large amplitude ac voltammetry is implemented by superimposing a periodic ac 
waveform of any amplitude onto a linear or triangular voltage. The dc potential is 
then swept at a constant rate and the data collected on a pc. Analysis of the data 
using the Fourier transform - inverse Fourier transform method enables the dc and ac 
components to be separated (see figure 1 .1 2 ).
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Figure 1.12 Schematic o f  FT-inverse FT data analysis. A) Time and B) frequency 
representations o f  data collected during an experiment. C) The separated dc and ac 
components represented in the time domain[35].
Once separated identification o f intuitively obvious patterns of behaviour in the dc, 
fundamental and higher harmonic terms enables the estimation o f Ea, Ru, C<ji, kQ and 
a in the following way, when data for two concentrations o f reduced species is 
collected:
a) E0 from the dc cyclic component as Ru and ka effects are minimised
b) Cdi from the fundamental harmonic because it has a high capacitance to faradaic 
current ratio
c) Ru, kQ, because the Q /effect is minimised.
Methods o f refining estimates are then implemented by computer simulation o f 
results.
1.5 Surface and Structural Characterisation Techniques
1.5.1 Scanning Electron Microscopy (SEM)
Scanning Electron Microscopy (SEM) is a technique used to study the surface 
topology of a wide variety o f samples. The technique has grown in popularity due to 
its ability to image samples in the lOnm range, allowing typically 1 0 0 0  times more 
magnification than the best optical microscope[36]. Figure 1.13 shows a schematic o f 
a typical SEM:
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Figure 1.13 Schematic o f  a typical SEM
High energy electrons, typically lOKeV are produced at the electron gun. This is 
usually a tungsten filament and a large current is passed through it in order to heat 
the filament to the thermionic emission temperature o f electrons (around 2700K). In 
a Field Emission Gun (FEGSEM) the tungsten filament is replaced by a single 
crystal tungsten wire sharpened to a point by electrolytic etching. The electrons are 
emitted by the FEG through a tunnelling effect[37], where a high electric field around 
the sharp tip sucks electrons out o f the cathode, tunnelling them below the potential 
barrier. The FEG cathode in contrast to the tungsten filament is at room temperature 
and must be kept very clean by being kept under high vacuum.
Once the electrons are emitted they are accelerated towards the sample and focused 
into a minute beam that can be moved to any position on the sample. This is 
achieved by series o f scan coils which carry the controlling current. They are held 
more positive than the electron gun and attract the electrons away from the filament. 
By changing the controlling current the electron beam can be controlled, allowing it 
to be moved to different parts o f the sample.
When the electrons hit the sample surface there are several consequences that may 
occurt38]. The electrons may be elastically scattered from the sample with no energy
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loss. The electrons may be absorbed by the sample and cause secondary, lower 
energy electrons to be emitted as well as X-rays. The electrons may be absorbed by 
the sample and give rise to the emission of visible light, known as 
cathodoluminescence, or cause electric currents within the sample. All of these 
effects can be used to gain information on the sample, but it is the secondary 
electrons that are used to produce an image of the sample. This is achieved by 
selectively attracting the lower energy electrons to a grid held at a low positive 
potential. Behind the grid is a disk covered in a scintillant which when struck by the 
electrons emit light. This is picked up by a photomultiplier tube and the image 
displayed in a TV screen. An image of the sample is built up by scanning the 
electron beam across the sample in exact synchrony with the scan to build up the 
image on the TV screen. The SEM does not contain lenses to magnify the image as 
in an optical microscope. Instead magnification results from the ratio of the area 
scanned to the area of the TV screen. Additional information can be gained from the 
sample by adding detectors to capture for example, the X-rays emitted from the 
sample which yields elemental information on the sample. A wide variety of samples 
can be imaged using the technique, although the nature of bombarding a sample with 
electrons means that it must be able to withstand conditions under high vacuum. 
Electrical conductivity is also needed in order to prevent artefacts caused by 
charging, although this can be suppressed by evaporating a thin conductive layer 
onto the sample.
1.5.2 Atomic Force Microscopy (AFM)
Atomic Force Microscopy (AFM) is a technique that allows the imaging of surfaces 
in atomic resolution, as well as measuring surface forces down to nano-Newton 
scales. Applications include the investigation of topologies of thin films, ceramics, 
composites, synthetic and biological membranes as well as investigating phenomena 
such as abrasion, adhesion, cleaning, corrosion and etching[34]. The first AFM was 
made by Binnig and Gerber in 1985 by gluing a shard of diamond onto gold foil and 
fixing it to a cantilever. The force between the tip and sample was measured by 
tracking the deflection of the cantilever, and features as small as 300A could be 
detected.
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Today the tips used are typically made from S13N4 or Si but the principle is the same. 
An atomically sharp tip is scanned over a surface with feed back mechanisms to a 
computer that allow the tip to maintain either a constant force with the surface (to 
gain height information) or to maintain a constant height from the surface (to obtain 
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Figure 1.14 Schematic o f  a typical AFM
The AFM head is attached to the underside o f a reflective cantilever, which has a 
diode laser focused onto it. As the tip scans the surface the cantilever moves up and 
down with the contour o f the surface. This in turn moves the position o f the laser 
beam which is picked up by a photodetector. Three dimensional topographical maps 
o f the surface are then constructed by plotting local surface height versus the probe 
tip position. The primary purpose o f the AFM is to quantitatively measure the 
surface roughness and this can be achieved with a 5nm lateral and 0.1 nm vertical 
resolution.
1.5.3 The Quartz Crystal Microbalance (QCM)
The quartz crystal microbalance is a sensitive tool capable o f detecting miniscule 
changes in weight on the nano-gram range. It can detect changes in mass equivalent 
to just a single monolayer o f atoms and is around 1 0 0  times more sensitive than the 
best electronic fine balancest39]. The QCM measures mass by measuring a change in
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frequency of a piezoelectric quartz crystal, when it is disturbed by the addition of a 
small mass.
The piezoelectric effect was first discovered by Pierre and Marie Curie[39], who in 
1880 showed that when mechanical stress is applied to the surface o f an acentric 
material (like rochelle salt, tourmaline or quartz which crystallize into non- 
centrosymmetric space groups), a corresponding electrical potential arises across the 
crystal, whose magnitude is proportional to the applied stress. This effect appears 
since a single crystal o f an acentric material possesses a polar axis due to the dipoles 
associated with the arrangement o f atoms in the crystalline lattice. Under 
mechanical stress, physical displacement o f the atoms occur, so that a corresponding 
change in the net dipole moment takes place and as a result charge is generated in the 
crystal (see figure 1.15).
Undefonned lattice Strained lattice
Figure 1.15 When a force deforms the lattice, the centre o f  gravity o f  the positive and 
negative charges in the crystal can be separated so as to produce surface charges.
Shortly after this discovery, the converse piezoelectric effect was experimentally 
verified, where the application of a voltage across the crystal gave a corresponding 
mechanical strain. The converse piezoelectric effect is the basis for the methodology 
behind the QCM.
Many types o f crystals exhibit the piezoelectric effect, but the electrical, mechanical 
and chemical properties o f quartz make it the most commonly used in analytical 
applications. The quartz plates (also known as wafers or blanks) are fabricated at a
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precise orientation with respect to the crystallographic axes o f the quartz material, 
which has important implications for the frequency-temperature characteristics o f the 
resonator. The piezoelectric quartz crystal is sandwiched between a pair o f (usually 
gold) electrodes, which are deposited by thermal evaporation (see figure 1.16).
Odd ,  
electrodes
Figure 1.16 A quartz crystal resonator with gold electrode contacts
An alternating current is applied to the electrodes creating an alternating electric 
field across the crystal, which distorts the crystal lattice due to the piezoelectric 
effect. This mechanical oscillation o f the quartz crystal results in a standing shear 
wave across the bulk o f the quartz disk at a characteristic vibrational frequency (ie 
the crystals natural resonant frequency)(see figure 1.17).
electrodes quartz
t




X /  2 =  tq + tr
Figure 1.17 Schematic representation o f  a transverse shear wave in a quartz crystal 
resonator before and after film  deposition. The acoustic wavelength is longer after film  
deposition due to the greater thickness, resulting in a lower resonant frequency[40].
If a rigid layer is evenly deposited on one or both o f the electrodes the resonant 
frequency will decrease proportionally to the mass o f the adsorbed layer according to 
the Sauerbray equation[41]:
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AF = = -cAm  (1.34)
Where AF  = measured frequency shift in Hz, f 02 = the fundamental resonant 
frequency (squared) in Hz, Am = mass change in g, A = piezoelectrically active area 
in cm2, pq = shear modulus of quartz = 2.947 x 1011 g cm'2, pq = density of quartz = 
2.648 g cm'3, c = mass sensitivity constant (based on type of crystal used).
The Sauerbray equation is only strictly applicable to uniform, rigid, thin film 
deposits and as such QCM was for a while regarded as a gas phase detector. 
However work by Kanazawa et al[42] showed that the change in resonant frequency 
upon immersion into a liquid phase could be expressed approximately by:
^ g a s ^ l iq u id  ~  ~ Cl (C2 *\JPliquid7!liquid + liquid ) ( 1.35)
Where the frequency change AF gas->iiqUid is related to the density of the liquid p u quid, 
the viscosity of the liquid riuquid, the topographic factor h  (related to the pore height), 
and frequency dependant sensitivity factors cj and q .  This extension of 
measurements to liquid media has increased the uses of QCM for monitoring real­
time mass changes to areas including thin film thickness monitoring[6], 
electrochemistry of interfacial processes at electrode surfaces, and the detection and 
monitoring of biological species such as virus’, cells and proteins at electrode 
surfaces.
1.5.4 Simultaneous small-angle X-ray scattering and wide-angle X-ray scattering 
(SAXS/WAXS)
SAXS/WAXS or simultaneous small-angle X-ray scattering and wide-angle X-ray 
scattering is a technique where the elastic scattering of X-rays by a sample is 
recorded at both low angles (typically between 0 .1 ° and 1 0 °) and wide angles (up to 
40°). In the small angular range, SAXS is capable of delivering information about 
the shape and size of macromolecules (between 5 and 25nm) and characteristic 
distances of partially ordered materials (up to 150nm) and pore sizes. SAXS is used
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for the determination o f the microscale or nanoscale structure o f particle systems in 
terms o f such parameters as averaged particle sizes, shapes, distribution, and surface- 
to-volume ratio. SAXS has been applied to a large number o f areas including 
colloids, metals, polymers, proteins and pharmaceuticals. Wide-angle X-ray 
scattering (WAXS) is often used to determine the crystalline structure o f polymers, 
where the diffraction pattern generated allows the calculation o f the chemical or 
phase composition, texture, and crystallite size. WAXS is the same technique as 
SAXS only the distance from sample to the detector is shorter and thus diffraction 
maxima at larger angles are observed.
In SAXS/WAXS a monochromatic X-ray is emitted from an X-ray generator which 
then passes through a small beam shaping device before passing through the sample 
(see figure 1.18). Behind the sample the detector measures the elastically scattered 







Figure 1.18 Schematic o f  SAX S/W A XS apparatus and data processing[43]
Data from SAXS/WAXS is interpreted using Bragg’s Law, a relationship derived 
from the diffraction o f X-rays as they pass through a crystalline solid. In 1913 
William Lawrence Bragg and William Henry Bragg found that intense peaks of 
reflected radiation (known as Bragg peaks) are produced when X-rays o f  a certain 
specific wavelength and incident angle are passed through a crystalline solid. Bragg 
explained this result by modeling a crystal as a set o f discrete parallel planes 
separated by a constant parameter, d. It was proposed that the incident X-ray
Morphology
Radiation sources:
•X-ray generator (X=0.1 -  0.2 nm) 
•Storage ring (A=0 03 -  0.4 nm) 
•Neutron reactor (A=0.1 -  1 nm)
Monochomatic Beam
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radiation would produce a Bragg peak if the reflection off the various planes 
interfered constructively. This gives the formula for Braggs law as[44]:
nA = 2dsm.O (1.36)
Where n is an integer, X is the wavelength of X-rays, d is the spacing between the 
planes, and 6 is the angle between the incident X-ray and the scattering planes. 
Waves which satisfy this condition interfere constructively and result in a reflected 
wave of significant intensity.
In SAXS/WAXS measurements the position sensitive detector placed behind the 
sample measures the scattered intensity, usually in 2-dimensions. For a highly 
ordered sample a series of Debye rings are produced, which result from the 
constructive interference of X-rays. Most SAXS data however is much less 
straightforward and appears as a continuous function of scattering angle. For 
analysis, this 2 -dimensional profile is reduced to a set of intensity versus angle data, 
using the description of Braggs law in reciprocal space, where the simple 
relationship between diffraction angle and Q-space is[45]:
Q _ A n s m 9 _
Data is then interpreted by computer modeling to one of the many idealised systems 
developed over the years.
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2. Deposition and Characterisation of T i0 2 Nanoparticle Films
2.1 Introduction
Ti0 2  forms the structural basis of the nanocomposite films studied in this thesis. The 
layer-by-layer deposition process builds up a highly porous film of TiC>2 particles 
with organic binder molecules acting as spacers. T i0 2 as a semiconductor can itself 
undergo electrochemical oxidation and reduction on a suitable conducting electrode. 
Before adsorption of complex organic redox systems into the TiC>2 films, it is 
therefore important to understand the properties of the TiC>2 singularly, as a 
nanoparticulate mono-layer, and also as a mesoporous film. The electrochemical 
properties of TiC>2 have been studied extensively usually in the form of thin meso- or 
microporous films at inert electrodes[1], at titanium surfaces[2] and also in the form of 
single crystals[3l  Recent work has included the study of TiC>2 nanoparticles formed 
into a monolayer on an inert boron doped diamond substrate[4], with results that 
showed features similar to those of polyoxometalate redox systems with surface site 
reduction of the Ti(IV) to Ti(III) followed by protonation. Boron-doped diamond is 
an ideal substrate for the study of TiC>2 due to its inert nature, wide accessible 
potential window and its low background current[5].
In this thesis two sizes of Ti0 2  nanoparticles are used to prepare films: 6 nm and 
40nm in diameter. Due to differences in the dispersion of the particles into solution, 
the method used to form the 40nm particles films is modified and consequently the 
properties of the films made with these particles differ from those prepared with the 
6 nm particles. In this chapter both monolayer and multilayer films are studied on 
boron-doped diamond and ITO substrates and characterised electrochemically, using 
FEGSEM, AFM and impedance spectroscopy. Films prepared with 6 nm diameter 
TiC>2 particles and phytate binder form a homogenous and highly porous composite 
on ITO. In contrast films prepared from the 40nm diameter Ti0 2  particles form 
larger aggregates on the ITO substrate which on the microscopic scale do not 
completely cover the substrate. Both types of film however are homogenous with 
pores capable of immobilising redox active species.
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2.2 Experimental
2.2.1 Chemical Reagents
Ti0 2  nanoparticle sol (ca. 6 nm diameter, anatase, 30-35% in aqueous HNO3, pH 0-1, 
TKS-202) was obtained from Tayca Corp, Japan and diluted to a 3 %wt solution 
with deionised water. A suspension of 40nm TiC>2 nanoparticles was prepared from 
powder form (AMT-600, also Tayca Corp, Japan) in a 3%wt methanol solution by 
sonication (20 kHz Fisherbrand ultrasonic bath) for 30 minutes.
Phytic acid (rayo-insitolhexakis(dihydrogen phosphate) dodecasoduim salt hydrate), 
1,2,4,5-Benezenetetracarboxylic acid or pyromellitic acid (96%), perchloric acid 
(70% A.C.S reagent), NaClC>4 , NaOH, H3PO4 (all Aldrich), methanol and ethanol 
(Fisher Scientific, HPLC grade) were obtained commercially and used without 
further purification. All solutions were prepared using deionised water with a 
resistivity of not less than 15 cm.
2.2.2 Instrumentation
Electrochemical experiments were conducted with a PGSTAT 30 Autolab system
(Eco Chemie, Netherlands), controlled by a personal computer running the GPES
software version 4.9. A conventional three-compartment electrochemical cell was
used for cyclic voltammetry experiments, with a platinum gauze counter electrode of 
, 2
approximately 2cm area. The reference electrode was a saturated calomel electrode 
(SCE, Radiometer, Copenhagen). The potential of the SCE compared to the standard 
hydrogen electrode (SHE) is 0.242 V. Prior to conducting experiments the aqueous 
electrolyte solution was thoroughly de-aerated with argon (Pureshield, BOC). 
Experiments were conducted at 22 ± 2°C.
Electrochemical Impedance Spectroscopy measurements were made using a 
Solartron Analytical (Slough, Berkshire) SI 1260 impedance/ gain phase analyzer 
coupled with a SI 1287 electrochemical interface. The set up included using a 
standard three electrochemical cell, with a platinum gauze counter electrode and 
calomel reference electrode.
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For Field Emission Gun Scanning Electron Microscopy (FEGSEM), a Leo 1530 
system was used. Samples were prepared by scratching (to reveal a film cross 
section) and gold sputter coating prior to analysis.
Working electrodes were predominantly tin-doped indium oxide (ITO) coated glass 
(10mm x 60mm, resistivity 15 f t '1) obtained from Image Optics Components Ltd. 
The ITO electrodes are cleaned by washing with ethanol and water and then dried by 
a 30 minute heat treatment at 500°C in air (Elite tube furnace). After film deposition 
the surface area of the ITO was limited to approximately 1cm using a silicon 
adhesive sealant (Silicoset 151, Ambersil). Contact between the ITO glass and the 
working electrode was improved by using copper tape. Other working electrodes 
included polycrystalline boron-doped diamond with a mirror finish polish (mineral 
acid treated, doping level ca. 1020 cm'3, Windsor Scientific, Slough, UK), obtained in 
the form of plates (5mm x 5mm x 0.6mm) for electrochemical experiments 
(mounted with silver epoxy back contact in epoxy) and in the form of 3 mm diameter 
disks (for SEM imaging experiments). Gold, glassy carbon and platinum disk 
working electrodes were obtained from BAS (UK). Boron-doped diamond, gold and 
platinum disk electrodes were thoroughly cleaned between each deposition by 
polishing on a polishing pad (Buehler) with polycrystalline diamond suspension (IF 
pm metadi supreme, Buehler), rinsed and then polished on another polishing pad 
with distilled water.
2.2.3 Film Deposition Procedures
Directed assembly o f multilayer films
The nanocomposite films investigated during this thesis were prepared using the 
layer-by-layer deposition strategy (see chapter section 1.2.1). Typically this 
consisted of six steps involving: (i) dip into a solution of nanoparticles for 1 min, eg 
3%wt 6 nm TiC>2 in H2 O, (ii) dip for 30s deionised water, (iii) dip for 30s deionised 
water, (iv) dip into ‘binder’ solution for 1 min, eg. 40 mM phytic acid, (v) dip for 
30s deionised water, (vi) dip for 30s deionised water.
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In order to improve reproducibility, the layer-by-layer dipping process was 
undertaken using a robotic dip coater (DSG Dip Carousel, Nima Technology, 
Coventry, UK). The dip-coater was controlled using a personal computer and run 
using Nima 524DC software. The dip-coater was programmed to prepare films o f 
varied thickness by carrying out a preset number o f dipping cycles. Each cycle 
consisted of six steps which consisted typically o f (i) dip into a solution o f 
nanoparticles for 1 min, eg. 3%wt 6nm TiC>2 in H2O, (ii) dip for 30s deionised water, 
(iii) dip for 30s deionised water, (iv) dip into ‘binder’ solution for 1 min, eg 40 mM 
phytic acid, (v) dip for 30s deionised water, (vi) dip for 30s deionised water. The 
dipping speed for the robotic arm was preset to 70 mm/min and each solution pot 
contained a stirrer bar rotating at constant speed.
Figure 2.1 PC controlled robotic dip-coater and carousel, by Nima Technology.
For preparation o f the purely inorganic metal-oxide nanoparticle films, heat 
treatment at 500°C in air (Elite tube furnace) was undertaken after the deposition.
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Deposition o f 40nm HO2 nanoparticulate films
40nm diameter Ti0 2  particles were obtained in powder form. A stable suspension 
was made by dispersing the particles in methanol by sonication for 30 minutes. 
Deposition was carried out simply by dipping the ITO electrode into the TiC>2- 
methanol suspension and allowing evaporation to occur before another layer is 
added. Films were heat treated at 500°C in air for 30 minutes in order to improve 
stability.
Deposition o f DO2 particles onto boron-doped diamond substrates
For work carried out on the boron-doped diamond electrodes, 20pl of the Ti0 2  
particle suspension was pipetted onto the surface. The deposit was then dried at 
50°C in air in order to obtain a stable film.
2.3 Results and Discussion
2.3.1 Characterisation of TiC>2 films prepared with 6 nm particles
Boron-doped diamond allows nanoparticulate oxides such as iron oxide and titanium 
dioxide to be adsorbed onto the surface in the form of a very thin layer. The inert and 
well defined surface of the boron-doped diamond allows the electrochemical 
properties of these nanoparticles to be studied. The positively charged nanoparticles 
readily adsorb onto the boron-doped diamond substrate, which after treatment with 
mineral acids leave an oxygen functionalised surface.
The voltammetric response from a boron-doped diamond electrode immersed in an 
aqueous 0.1M NaCKV HCIO4 solution between +0.5V Vs SCE and -1.5V vs. SCE 
is featureless and consistent with a clean background (not shown). After deposition 
of the 6 nm TiC>2 particles a reduction response is detected starting at a potential of - 
0.8V vs. SCE (figure 2.2i). The shape of this voltammetric response is characteristic 
of a TiC>2 thin film and has been explained in terms of the sequential filling of 
electronic states within the oxide[6l  For TiC>2 films more extended than a monolayer, 
this voltammetric response dominates the overall behaviour.
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Scanning to more negative potentials, another peak feature is observed at 
approximately -1.2V vs. SCE (figure 2.2ii), and after reversal of the scan direction 
two peaks are also observed during oxidation. Previous reports for the redox 
response of a Ti0 2  monolayer show the separate peaks to be characteristic of a 
monolayer nanoparticle deposit and were shown to be associated with different 
proton binding sites within the UO 2 surface^.




Figure 2.2 Cyclic voltammogram obtained in 0.1 M NaC104 / 2mM HC104 for 20pl o f 6nm 
T i0 2 nanoparticles deposited on boron-doped diamond electrode (scan rate lOOmVs'1).
Mesoporous films of 6 nm Ti0 2  are formed using the layer-by-layer deposition 
method onto a glass substrate with a conducting layer, usually of tin-doped indium 
oxide (ITO). These substrates are more versatile than boron-doped diamond 
electrodes; they can be cut to any size required and are less costly. ITO has an 
overall negative charge allowing the Ti0 2  particles to adsorb readily onto the 
surface. Using phytic acid as a binder, films of up to several microns in depth can be 
prepared. Figure 2.3 shows a SEM of a 5 layer Ti0 2  phytate film on ITO. The film 
was scratched with a scalpel prior to imaging in order to gain depth information, and 
the ITO seen underneath is flat and featureless.
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Figure 2.3 SEM  o f  a 5 layer T i0 2 phytate film  on ITO
The voltam m etric response o f  the ITO immersed in aqueous 0.1M  N aC 1 0 4  between 
+0.5V vs. SCE and -1.0V vs. SCE is featureless and consistent with a clean 
background (not shown). Figure 2.4 shows the voltam m etric response o f  a 10 layer 
T i0 2  phytate film on ITO immersed in aqueous 0.1M  N aC 1 0 4 . A reduction response 
comm ences at approxim ately -0.6V vs. SCE and is explained by the filling o f 
electronic states (the conduction band) within the oxide. This signal dominates the 
overall response and the second peak seen for the m onolayer o f  Ti0 2  is assumed to 
be hidden. U pon reversal o f  the scan direction an oxidation peak is observed 
consistent with electrons m oving back from the oxide into the substrate electrode. 
The characteristic shape is determined by (i) capacitive charging o f  the oxide and (ii) 
a resistance m ainly in the substrate (see below).
i
5 0 0 -
0 -
-500 J
-0.5 0.5- 1.0 0.0
E / Y  vs. SCE
Figure 2.4 C yclic  voltam m ogram  o f  a 10 layer 6nm T i 0 2 phytate film  on ITO im mersed in 
0.1M  N aC 104 (scan  rate lOOmV/s).
Electrochem ical impedance measurem ents o f  a 10 layer 6 nm T i0 2  phytate film on 
ITO allowed the fit o f  data to an electrical circuit m odel consisting simply o f  a
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resistor and capacitor in series. The equivalent electrical circuit can be represented as 
below:
Resistor Capacitor
The electrochemical impedance measurements were carried out over a range o f 
potentials starting in the “depletion” region positive o f the flat band potential o f TiC>2 
at +0.5V vs. SCE and going down to the “accumulation” or conducting region o f 
TiC>2 at -1.0V vs. SCE. Figure 2.5 shows (a) a complex plain and (b, c) Bode plots 
obtained for an impedance measurement along with an example o f the fit obtained to 
the actual data using the resistor and capacitor in series model (the green line).
(a) (b)
10P-20000
 R R e s u l t
-15000 -
10* 10 
F re q u e n c y  (Hz)




10? 10  
Frequency (Hz)
10?10*5000 10000 15000 20000
Figure 2.5 Impedance data obtained at +0.5V for a 10 layer T i0 2 phytate film  displayed 
graphically as (a) a com plex plain and (b) Bode plots along with the fit obtained (green line).
Potential Resistance Capacitance
+ 0 .5 0 V 147.6  Q 14.0 pF
0 .0 0 V 147.1 Q 20.1 pF
-0 .2 5 V 146.7  Q 2 5 .5  pF
-0 .5 0 V 145.4  Q 31 .8  pF
-0 .7 5 V 148.6  n 151.8  pF
-1 .0 0 V 142.1 Q 8 2 5 0 .0  pF
Table 2.1 Summary o f  impec ance data obtained for a 10 layer T i0 2 phytate film  electrode
immersed in 0.1 M NaClQ4.
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Table 2.1 shows the resulting values for the resistance and capacitance over a range 
of potentials. Over the range of potentials tested, the data shows that the resistance of 
the 10 layer Ti0 2  phytate film remains constant. This feature is attributed to the 
resistance that would occur from the electrons simply crossing from the ITO surface 
into the film, which should remain constant over all potentials. Over the range of 
potentials tested, the capacitance of the 1 0  layer Ti0 2  phytate electrode increases at 
more negative potentials and so can be attributed to the Ti0 2  film present on the 
surface. The Ti0 2  particles act as a capacitor, becoming charged up with electrons as 
the applied potential becomes more negative. This behaviour is consistent with the 
results obtained by voltammetry.
2.3.2 Characterisation of Ti0 2  Films prepared with 40nm particles.
It has been shown that mesoporous films prepared with nanoparticles usually contain 
pores that are similar/relative in size to the particles that are used to prepare the 
films. Immobilisation of redox active molecules into these films therefore requires 
that the molecule is able to diffuse from a solution into these films. For relatively 
large molecules such as proteins within biological systems, a larger pore size would 
be necessary to allow diffusion of the molecule into the film. It was shown that 
hemoglobin could be immobilised in mesoporous TiC>2 films[7] with applications 
including a cyanide sensor[8] but due to the small pore size created from films 
prepared from the 6 nm TiC>2 particles, the protein could only penetrate the upper 
layer of the film. Investigations into films prepared with larger particles could 
overcome this problem.
Dispersion of the 40nm particles into an aqueous solution did not form a time stable 
suspension from which layer-by-layer films could be produced, as with the 6 nm 
TiC>2 particles. The films produced by this method were not homogenous and would 
be difficult to characterise electrochemically. However dispersion of the particles 
into methanol by sonication formed a relatively stable solution and films were 
prepared by simply dipping an ITO substrate into the solution and allowing 
evaporation to occur before another layer was applied. Although a variation from the 
layer-by-layer deposition method, the films formed were more homogenous and 
could be characterised more easily. Figure 2.6 shows a typical FEGSEM of a
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substrate that has undergone 1 0  cycles o f  dipping and evaporation followed by 
annealing at 500°C for 30 minutes.
Figure 2.6 SEM  o f  a “10 layer” 40nm  T i0 2 film  in the form o f  agglom erated particles on 
ITO
The sample was scratched with a scalpel prior to imaging and the ITO substrate 
beneath is flat and featureless. The 40nm particles form deposits ranging from 20pm 
to single particles. In contrast to the 6 nm particle films there is not complete 
coverage o f  the ITO substrate on a microscopic scale; how ever the film formed is 
hom ogenous w ith pores that are capable o f  im m obilising redox active centres. It is 
thought that the 40nm  particles do not com pletely cover the substrate due to the 
different deposition mechanism.
The electrochem ical response o f  the 40nm Ti0 2  films on ITO is very similar to that 
o f  the 6 nm particles and typical o f  a m esoporous Ti0 2  film. Figure 2.7 shows a 
cyclic voltam m ogram  o f  a 10 layer 40nm Ti0 2  film on ITO im m ersed in aqueous in 
0.1M  N aC 1 0 4 . A reversible reduction response com m ences at approxim ately -0.6V 
vs. SCE that dom inates the overall signal and is the typical response for T i0 2  films.
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Figure 2.7 Cyclic voltammogram o f  a 10 layer 40nm  T i0 2  film  on ITO run in aqueous 
0.1M  NaC104 (lOOmVs'1)
Electrochemical impedance data was also taken for the 10 layer 40nm Ti0 2  film on 
ITO immersed in aqueous 0 .1M NaC1 0 4 . The film gave similar behaviour to the 6 nm 
Ti0 2  film and again a simple circuit equivalent model of a resistor and capacitor in 
series was fitted to the data obtained. Figure 2.8 below shows (a) a complex plane 
and (b, c) bode plots for an impedance measurement along with the fit obtained 
using the model (green line):
(a) (b)
- 10000& —









1(F i d  
Frequency (Hz)
25000 50000 75000 100000
Figure 2.8 Impedance data obtained at +0.5V for a 10 layer 40nm  T i0 2 film  displayed  
graphically as (a) a com plex plain and (b) Bode plots along with the fit obtained (green line).
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Potential Resistance Capacitance
+0.50V 124.9 0 15.8 pF
0.00V 123.5 0 20.0 pF
-0.25V 123.1 O 23.6 pF
-0.50V 128.3 0 45.6 pF
-0.75V 121.9 0 122.7 pF
-1.00 V 1 2 0 . 8  0 364.0 pF
Table 2.2 Summary of impec ance data obtained for a 10 layer 40nm Ti02 film electrode
immersed in 0.1M NaC104.
Table 2.2 shows the resulting values for the resistance and capacitance over a range 
of potentials. Results are very similar to those obtained for the 6nm Ti02 films; the 
resistance of the electrode stays consistent over the range of potentials and is 
attributed to the ITO conducting glass substrate. The capacitance of the electrode 
increases with more negative potential, consistent with the charging of the Ti0 2  film. 
The value of capacitance at -1.0V vs. SCE is less than that for the 6nm Ti02 films 
and attributed to the smaller surface area of the 10 layer 40nm Ti02 film in 
comparison with the 10 layer 6nm film. Under conditions employed here (very thin 
films, conventional frequencies) no effect of electron transport within the 
mesoporous structure is observed. Electron conduction appears to be very fast.
2.4 Conclusion
TiC>2 nanoparticle films are electrochemically active and undergo reduction at 
potential negative of ca. -0.6 V vs. SCE. Charge transport is fast and possible via 
electron hopping from particle to particle. Voltammetric and impedance 
measurements give no direct information about the rate of the electron transport 
mainly due to the resistance of the ITO limiting the response time.
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3. Layer-by-Layer Deposition of Open-Pore Mesoporous T i0 2 -  
Nafion® Film Electrodes
3.1 Introduction
The layer-by-layer deposition of mesoporous oxides is versatile, reproducible, and 
ideal for the formation of thin coatings on electrode surfaces[1]. The methodology 
initially developed by Decher[2] allows molecular binders[3]’ ionomeric binders[4], and 
other types of nanoparticles[5] to be incorporated into the growing film. In this 
chapter the effect of employing Nafion® ionomer as a binder for T i02 nanoparticles 
is explored.
Although layer-by-layer deposition is possible with small molecular binders, higher 
molecular weight ionomers such as Nafion® are known to produce a more stable 
film[6]. The thickness of a single layer of a film depends on factors such as the 
weight, size and concentration of the polyelectrolyte binder and of the charged 
species. Intermolecular forces, hydrophobic forces[7]’ and hydrogen bonding[8] all 
have been reported to have an effect on the structure of the deposited films.
i,
Figure 3.1. Chemical structure of Nafion® ionomer
Composites of Nafion® (a chemically inert fluorocarbon with sulfonic acid groups^, 
see figure 3.1) and T i02 have been proposed for example for applications in proton- 
conducting membranes[10], in fuel cells[11], in photoelectrochemical devices[12], for 
photochemical degradation membranes^13^ , employed for dopamine sensing^, and 
for nitric oxide sensing^151, and they have been produced with Langmuir-Schafer 
techniques1]6\  The combination of the chemically robust Nafion® binder with the
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mesoporous structure formed by the Ti0 2  nanoparticle backbone results in a very 
interesting and widely applicable thin film structure.
In this chapter TiC>2 nanocomposite films are constructed from a Nafion® ionomer 
binder and ca. 6 nm diameter TiC>2 nanoparticles. A simple dip coating approach 
allows films of variable thickness to be formed and investigated. Perhaps 
surprisingly, an open-pore structure is formed consisting primarily of the Ti0 2  
backbone and a thin film of Nafion® at the surface. Voltammetric measurements in 
aqueous solution suggest that the charge transport at potentials negative of ca. -0.7 V 
vs. SCE is dominated by electron conduction through the Ti02 backbone whereas at 
more positive potentials diffusion of redox species and inter-molecular electron 
hopping dominate. The rate for charge transport in the positive potential range is very 
similar to that measured for conventional bulk Nafion® films.
3.2 Experimental
3.2.1 Chemical Reagents
Nafion® perfluorinated ion-exchange resin (5 wt%, in a mixture of lower aliphatic 
alcohols and H2 O), NaClCU, KC1, l,r-diheptyl-4,4’-bipyridinium dibromide or 
diheptylviologen, Ru(NH3)6Cl3 , ferrocenylmethyl-trimethylammonium iodide (all 
Aldrich) were obtained commercially and used without further purification. TiC>2 sol 
(ca. 6 nm diameter, anatase, 30-35% in aqueous HNO3, pH 0.5, TKS-202) was 
obtained from Tayca Corp, Japan. Solutions were prepared using filtered and 
deionized water with a resistivity of not less than 18 MO cm.
3.2.2 Instrumentation
Voltammetric experiments were performed with an micro Autolab IQ system (Eco
Chemie, Netherlands) in a standard three terminal electrochemical cell with a
saturated calomel reference electrode, SCE, (Radiometer, Copenhagen) placed ca.
0.5 cm from the working electrode and a 2 cm x 2 cm platinum gauze counter
electrode. The working electrodes were made from tin-doped indium oxide (ITO)
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coated glass (10 mm x 60 mm, 15 Q per square, Image Optics, Basildon, UK). The 
ITO electrode was rinsed with ethanol and water, heat treated in a furnace (Elite 
Thermal Systems Ltd.) for 1 h at 500 °C, and re-equilibrated to ambient conditions 
before use. Prior to voltammetric experiments solutions were de-aerated with argon 
(BOC). All experiments were conducted at a temperature of 2 2  +/- 2  °C.
Quartz crystal microbalance experiments were conducted with ITO-coated quartz 
crystals (Part no. QA-A-9M-ITOM, Advanced Measurement Technology, 
Wokingham, Berks). A quartz crystal oscillator circuit (Oxford Electrodes) 
connected to a frequency counter (Fluke, PM6680B) allowed the resonance 
frequency of the quartz crystal sensor to be monitored. The 9.1 MHz AT-cut quartz
0.2 cm , the resonance frequency fo = 9.1 x 10 Hz, the density o f  quartz p Q = 2.648 
gem-3, and the shear modulus o f quartz p Q = 2.947 x 1 0 11 g cm 'V .
Field emission gun scanning electron microscopy (FEGSEM) images were obtained 
on a Leo 1530VP Field Emission Gun SEM system. A SAXS/WAXS (simultaneous 
small-angle X-ray scattering and wide-angle X-ray scattering) pattern of the TiC>2- 
Nafion® films was obtained on a SAXSess system using a PW3830 X-ray generator 
and the X-ray image plates were observed using a Perkin Elmer Cyclone Storage 
Phosphor System. A Ti0 2 -Nafion® film (50 deposition cycles on a microscopy cover 
plate) was produced and the patterns recorded in transmission mode with Cu Ka 
radiation (X = 1.5406 A) at 40 kV and 50 mA with an exposure time of 20 minutes. 
A background pattern from a clean cover plate was subtracted and the data corrected 
for slit smearing before fitting.
crystal microbalance system was calculated117^ to have a sensitivity factor of
1.05 ng Hz*1 in air based on the expression with the area A =
A/ 2  f '
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3.2.3. Layer-by-Layer Deposition of Ti0 2 -Nafion® Films
The deposition procedure consisted of a sequence of liquid immersion steps with (i) 
a Ti0 2  sol ( 6  nm diameter, 3 wt% in nitric acid, pH ca. 2) for 60 seconds followed by 
rinsing with distilled water and methanol, (ii) dipping into Nafion® anionomer 
solution (ca. 0.5 wt% in methanol) for -10 seconds followed by rinsing with 
methanol and distilled water. This completed a single layer deposition for the simple 
Ti0 2 -Nafion® film and the cycle was repeated to add more layers.
3.3 Results and Discussion
3.3.1 Layer-by-layer Formation of TiC>2 -  Nafion® Nanocomposite Film Electrodes
Nafion® is an anionic polymer which is widely used as an ion-exchange membrane 
material18] or as a protective semi-permeable coating[19]. Solutions of Nafion® in 
aliphatic alcohols are employed for the formation of thin films and in this chapter a 
dilute solution of Nafion® in methanol (0.5 wt%) is employed to act as a binder to 
grow thin films of a novel open pore Ti0 2 -Nafion® composite membrane. An 
aqueous Ti0 2  sol provides the source of positively charged TiC>2 nanoparticles of 
nominal 6  nm diameter which are deposited with the Nafion® binder in a layer-by- 
layer deposition approach[20]. Tin-doped indium oxide (ITO) coated glass slides were 
employed as substrate (see section 3.2.2). Due to the positive surface charge of the 
Ti0 2  sol particles, ITO coated glass slides immersed into the nanoparticle solution 
will readily adsorb a very thin nanoparticle coating. When this electrode is rinsed 
with water and methanol, and then immersed into a Nafion® solution, binding of the 
anionic polymer and a restructuring of the surface occur. “Clustering” of Ti0 2  
nanoparticles into aggregates is observed. The electrode is then rinsed and re­
immersed into the Ti0 2  sol to continue the deposition process. An FEGSEM image 
of a 2-layer Ti0 2 -Nafion® film is shown in Figure 3.2A. It can be seen that the 
contact with the Nafion® anionomer causes nanoparticles to “cluster” into aggregates 
of ca. 40 nm diameter.
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F igu re 3.2 FEG SEM  im ages o f  (A ) a 2-layer T i0 2-Nafion® film  and (B ,C ) a 15-layer T i0 2- 
Nafion® film  (scratched w ith a scalpel) on ITO substrate.
W hen the deposition process is continued, m ore aggregates form and they assemble 
into a porous structure. Figure 3.2B and 3.2C show a 15-layer Ti0 2 -Nafion film 
with pores o f  typically 10 to 30 nm diameter. These open pores create a hierarchical 
network and this can be beneficial by allowing gas and fluids to penetrate into the 
nanocom posite film. The thickness o f  the porous film is controlled by the num ber o f 
deposition cycles employed. AFM  images reveal the increase in thickness. An image 
o f  a 20-layer T i0 2 -Nafion® film on an ITO substrate is shown in Figures 3.3A and 
3.3B. The film was scratched to reveal the cross section. The 20-layer film showed a 
height o f  ca. 500 nm (see Figure 3.3C) which suggests a thickness o f  approximately 
25 nm per deposition cycle which compares well w ith earlier studies employing other
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types of binder molecules^211.
Quartz crystal microbalance measurements at an ITO-coated quartz crystal oscillator 
were employed to quantify the weight change during the deposition of consecutive 
layers of the TiCVNafion® nanocomposite. A plot of the frequency of the ITO 
resonator against the number of layers deposited is shown in Figure 3.3D. This plot 
shows a linear build up of the Ti0 2 -Nafion® film with approximately 70 wt% 
contribution from Ti0 2  and 30 wt% from Nafion®. These weight measurements were 
taken for dry films but may still contain a small contribution from adsorbed water. 
The Sauerbrey equation allows the average weight to be calculated for Ti0 2  particles 
deposited in one layer, 2600 ng cm'2 (corresponding to 6  x 1 0 12 TiC>2 particles using 
the density of the TiC>2 anatase particles 3.9 g cm'3) and for Nafion® deposited in one 
layer, 1000 ng cm' . These values are in good agreement with an average thickness 
per layer of 25 nm calculated from the AFM measurements.
Further characterisation of the TiCVNafion® nanocomposite film was obtained using 
the simultaneous small-angle X-ray scattering and wide-angle X-ray scattering 
(SAXSAVAXS) technique. Figure 3.3E shows the intensity of the scattered X-ray 
diffraction pattern for both TiC>2-Nafion® and pure (calcined) TiC>2 nanoparticle 
films. The experimental data can be fitted to a model (see red line) to determine the 
structure of the nanoparticle films.
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Figure 3.3 AFM image data showing a 20-layer deposit o f  T i0 2-Nafion® on an ITO surface: 
(A, B) topography, (C) cross section. The surface has been scratched prior to imaging. (D) 
Quartz crystal microbalance data obtained during deposition o f  consecutive T i0 2 and 
Nafion® layers onto an ITO coated quartz resonator. (E) SAX S/W A XS data: experimental 
data for T i0 2 film  only (black), for a T i0 2-Nafion® film  (green), and for a theoretical fit for 
polydisperse T i0 2 spheres (mean radius 38.81 A , polydispersity 0.295) (red line).
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The simulation model is that of isolated polydisperse spheres with a mean radius of 
38.81 A (assuming no interaction between each sphere) and is seen to give an 
excellent fit for the calcined Ti0 2  film (treated at 500 °C in air for 30 minutes) 
between 0.04 and 0 . 1  A'1 indicating that there is no significant colloidal crystallinity. 
The small divergence between the fit and experimental data at greater values of Q 
may suggest possible interaction between spheres. A step in the intensity level is 
observed in the TiCVNafion® and pure TiC>2 film at 0.04 A'1 and 0.08 A'1 
respectively, which relates to the size of the particle or aggregate spheres. It is 
possible to establish that the TiC>2-Nafion® aggregates are on average almost double 
the size of pure TiC>2 nanoparticles. However, a more complex composite structure is 
present which is not easily modeled with conventional approaches. From FEGSEM 
image evidence (see Figure 3.2) a raspberry-type packing or hierarchical clustering 
seems to occur. The step in intensity level at 0 . 0 2  A'1 and 0.04 A'1 in the TiCb- 
Nafion® and pure TiC>2 films, respectively, can be attributed to an artifact generated 
after the subtraction of the background scattering pattern.
3.3.2 Electrochemical Processes in TiC>2 -  Nafion® Nanocomposite Film Electrodes
The voltammetric response observed for a clean ITO electrode immersed in aqueous 
0.1 M KC1 (used as an inert electrolyte) between +0.5 V vs. SCE and -1.0 V vs. SCE 
is featureless and consistent with a clean background (not shown). Figure 3.4 shows 
the voltammetric responses for a series of Ti0 2 -Nafion® films on ITO immersed in 
0.1 M KC1. A reduction response commences at -0.7 V vs. SCE which is typical for 
a Ti0 2  film and is explained by the filling of the conduction band within the 
oxide[22]. Upon reversal of the scan direction an oxidation peak is observed which is 
consistent with electrons moving back from the oxide to the ITO substrate. The basic 
shape of the voltammograms can be explained by capacitive charging of the oxide 
and a resistance, which is mainly due to the ITO film[23]. The three different 
electrodes were (i) 2, (ii) 10, and (iii) 20 layers of Ti0 2 -Nafion®. The increase of 
Ti0 2  film thickness is demonstrated by the approximately proportional increase in 
the voltammetric response, which is associated with the reduction of Ti(IV).
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F igu re 3 .4  Cyclic voltammograms (scan rate 100 mVs'1) for the reduction and oxidation of 
6  nm T i0 2 nanoparticles bound by Nafion®, immobilized on ITO electrodes (area 1 cm2) 
immersed in 0.1 M KC1. (i) 2 layers T i02, (ii) 10 layers T i0 2, (iii) 20 layers T i0 2.
In order to explore the reactivity o f  the TiCVNafion® film in the presence o f  redox 
systems, three cationic redox systems with reversible one-electron characteristics 
have been chosen with reversible potentials close to and more positive away from the 
T i0 2 conduction band edge.
The l,r -d ih e p ty l-4 ,4 ’-bipyridinium (or diheptylviologen) system exhibits a 
reversible redox process at -0.62 V vs. SCE (see Figure 3.5A) and a second 
reversible reduction step at more negative potentials (not show n)[24J. In order to 
obtain this response, a 5-layer T i0 2 -Nafion® film was imm ersed into a solution o f 
l ,r -d ih e p ty l-4 ,4 ’-bipyridinium dibromide (1 mM  in ethanol) for one minute. The 
l,r -d ih e p ty l-4 ,4 ’-bipyridinium was quickly im m obilised into the Nafion® binder in 
the T i0 2 -Nafion® film. The resulting electrode was then placed into aqueous 0.1 M 
KC1 electrolyte and a cyclic voltammogram was recorded.
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F ig u re  3 .5 . (A) Cyclic voltammograms (scan rates (i) 20, (ii) 50, (iii) 100 mVs'1) for the 
reduction and oxidation of 1,1 ’-diheptyl-4,4’-bipyridinium in a 5-layer T i0 2-Nafion® film 
immobilized onto an ITO surface (area 1 cm2). The electrode was first immersed into a 1 
mM solution of l,r-diheptyl-4,4’-bipyridinium dibromide in ethanol for 1 minute, then 
rinsed with ethanol, and then the electrode was immersed in a 0.1 M KC1 electrolyte. (B) 
Cyclic voltammograms (scan rates (i) 20, (ii) 50, (iii) 100, and (iv) 200 mVs'1) for the 
reduction and oxidation of Ru(NH3)63+ in a 20-layer T i0 2-Nafion® film. The electrode was 
first immersed into 1 mM Ru(NH3)63+ in water, then rinsed with water, and then the 
electrode was immersed into a 0.1 M KC1 electrolyte. (C) Cyclic voltammograms (scan rates 
(i) 20, (ii) 50, and (iii) 100 mVs'1) for the reduction and oxidation of ferrocenylmethyl- 
trimethylammonium+ in a 20-layer T i0 2-Nafion® film. The electrode was first immersed 
into 1 mM ferrocenylmethyl-trimethylammonium iodide in water, then rinsed with water, 
and then the electrode was immersed into a 0.1 M KC1 electrolyte. Dashed lines indicate the
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approximate potential for redox processes.
In Figure 3.5A, Process 1 (PI) denotes the reduction of l,r-diheptyl-4,4’- 
bipyridinium2+ to l,r-diheptyl-4,4’-bipyridinium+ by electrons directly from the ITO 
electrode surface (see equation 3.1). This particular mechanism operates solely at the 
ITO surface and requires molecular or charge diffusion within the Nafion® film. A 
second type of electron transfer is possible at more negative potentials, denoted 
Process 2 (see equation 3.2). Ti0 2  at sufficiently negative potentials is conducting 
electrons and therefore direct electron transfer from Ti0 2  becomes possible^255.
Process 1: [Ox]n+(Nafion®) + e'(ITO electrode) < — * [Red](n' 1)+(Nafion®) (3.1)
Process 2: [Ox]n+(Nafion®) + e'(Ti0 2 ) -----> [Red] (n"1 )+(Nafion®) (3.2)
Process 3: Ti(iy)(Ti02) + e'(ITO electrode) + H20  Ti(m)(Ti02) +
H+(Ti02) + OH' (3.3)
A third process observed at potentials negative of -0.7 V vs. SCE can be attributed to 
the conduction band filling of T i0 2 (see Figure 3.4) which is associated with proton 
uptake (see equation 3.3). Next, a 20-layer Ti0 2 -Nafion® film is immersed into a 
solution ofRu(NH3)63+ (1 mM in water) for one minute. The cationic Ru(NH3)63+ is 
immobilised into the Nafion® binder and after rinsing with water a reversible 
voltammetric response is observed at -0.25 V vs. SCE (see Figure 3.5B). This 
voltammetric signal occurs positive of the potential zone where T i0 2 is conducting 
and therefore can be attributed purely to Process 1 (equation 3.1). A new separate 
irreversible reduction peak at -0.5 V vs. SCE corresponds to Process 2, the 
Ru(NH3)63+ reduction via T i0 2 (equation 3.2).
Finally, a redox system with even more positive reversible potential was selected. 
Ferrocenylmethyl-trimethylammonium+ (TMAFc+) is readily adsorbed into Nafion® 
and shows highly reversible electron transfer characteristics. A 20-layer T i02- 
Nafion® film was immersed into a solution of Ferrocenylmethyl-trimethylammonium 
iodide (1 mM in water) for one minute. The TMAFc+ cation was immobilised into
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the Nafion® anionomer binder. The resulting electrode was then immersed into 
aqueous 0.1 M KC1 electrolyte and voltammograms recorded (see Figure 3.5C). A 
reversible response at 0.37 V vs. SCE corresponds to Process 1 (equation 3.1), the 
one electron oxidation/reduction of TMAFc+ by electrons directly from the ITO 
surface. A second reduction response is observed at -0.75 V vs. SCE (see Process 
3.2). The signal is irreversible and observed only immediately after scanning into the 
TMAFc+ oxidation. It is interesting to note that the potential for Process 2 is 
dependent on the type of redox system and this may reflect (i) the rate of electron 
transfer from Ti0 2  to the molecular redox system and (ii) the ability of the redox 
system to interact with the TiC>2 nanoparticle surface. More hydrophobic redox 
systems such as TMAFc+ appear to interact less effectively with Ti0 2  which may be 
responsible for the shift of Process 2 to more negative potentials.
Next, electron and charge transport within the mesoporous TiC>2-Nafion® film is 
investigated in more detail. By changing the film thickness and the potential scan rate 
quantitative insights into the charge transfer and diffusion within the nanocomposite 
films can be obtained.
3.3.3 Charge Diffusion in TiC>2 -  Nafion® Nanocomposite Film Electrodes
By focusing on one particular redox system, ferrocenylmethyl-trimethylammonium+, 
it is possible to further explore the effects of charge diffusion in the Ti0 2 -Nafion® 
composite material. Initially, a study of the adsorption characteristics of the 
ferrocenylmethyl-trimethylammonium cation (TMAFc+) into the TiCVNafion® films 
was undertaken. Figure 3.6 shows the experimental results indicating a reversible 
voltammetric response at a potential of +0.35 V vs. SCE with increasing peak area as 
a function of TMAFc+ immobilization concentration. Essentially Langmuirian 
characteristics are observed and for TMAFc + a binding constant of 9000 mol' 1 dm3 
can be extracted.
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Figure 3.6 (A) Cyclic voltammograms (scan rate 0.1 V s*1) for the oxidation and re­
reduction of ferrocenylmethyl-trimethylammonium+ immobilized into a 5-layer T i0 2- 
Nafion® film at an ITO electrode surface (area 1 cm2) and immersed into aqueous 0.1 M 
NaC104. The ferrocenylmethyl-trimethylammonium+ concentration during the 
immobilizations step was (i) 3.2 pM, (ii) 16 pM, (iii) 80 pM, (iv) 0.4 mM, and (v) 2 mM in 
water. (B) Plot of the ferrocenylmethyl-trimethylammoniunf concentration in the 
immobilization solution versus the charge under the voltammetric signal. The line shows a 
Langmuir dependence with a binding constant of K = 9000 mol' 1 dm3.
The transport o f  charges in the porous TiCVNafion® m em brane is an interesting 
feature and m ust be connected to both (i) the m obility o f  an imm obilized redox 
system such as TM A Fc+ and (ii) intermolecular electron hopping. In the positive 
potential range TiC>2 is clearly electrically insulating and charge transport along the 
pore walls w ithin the mesoporous composite m ust be occurring. This was further 
confirmed by calcination o f  the T i0 2 -Nafion® nanocom posite (this treatm ent at 500 
°C in air fully rem oved all organic components and leaves a purely inorganic anatase 
film, see Figure 3.3E) followed by re-adsorption o f  Nafion® from the dip coating 
solution (this process took approximately 24h for a 20-layer film due to slow 
penetration o f  the anionom er back into the porous Ti0 2 ). The resulting calcined film
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is believed to have m uch better T i0 2  particle-particle contacts but otherwise very 
sim ilar dimensions. However, the voltam m etric features did not change significantly 
(see below) and therefore a contribution from the TiC>2 backbone to charge 
conductivity is highly unlikely.
In order to study the effect o f  the film thickness on the voltam m etric features a 
sequence o f  experim ents was undertaken using a 2 mM  TM AFc deposition solution 
and a 0.1 M NaClCU electrolyte solution (see Figure 3.7). The increase in film 









Figure 3.7. (A) Cyclic voltammograms (scan rate 0.02 V s'1) for the oxidation and re­
reduction of ferrocenylmethyl-trimethylammonium+ immobilized into a (i) 5, (ii) 10, (iii) 15, 
and (iv) 30-layer T i0 2-Nafion® film at an ITO electrode surface (area 1 cm2) and immersed 
into aqueous 0.1 M NaC104. The ferrocenylmethyl-trimethylammonium+ concentration 
during the immobilizations step was 2 mM in water. (B) Plot of the peak current versus the 
number of deposition layers. The line corresponds to a fit employing equation 3.6 with a 
concentration of c = 0 . 1  M and an apparent diffusion coefficient of D = 3.5 x 1 0 ' 14 m V 1.
The relationship o f  the peak current with film thickness (see Figure 3.7B) is not 
proportional and at sufficiently thick films (ca. 1 pm) a stable peak current remains, 
com pletely independent o f  thickness. This transition in behaviour is consistent with a
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diffusion layer thickness in the mesoporous film. Approximate expressions can be 
written to describe this effect. The peak current for complete electrolysis of the thin 
film at the electrode surface is given by equation 3.4[26].
n2F 2 n2F 2W = ^ v F c  =  —  vA&  (3.4)
In this equation, the peak current is related to the number of transferred electrons per 
molecule diffusing to the electrode surface, n, the Faraday constant, F, the gas 
constant, R , the absolute temperature, T, the scan rate, v, the electrode area, A, the 
film thickness, 8, and the concentration of redox active material, c. In contrast, for a 
thick film a diffusion-controlled peak current (assuming a homogeneous material) is 
expected (see equation 3.5[27]).
W o n  = 0.446n F A c ^ ^ -  (3.5)
In this equation the apparent diffusion coefficient is denoted by D. The transition of 
behaviour as a function of film thickness may be approximated by combining these 
two expressions in equation 3.6.
j    "^p.thin film *  ^ p,diffusion   Yl F  vDAc 8  ^  ^
I p , diffusion +  ^ p .th in  film 4RTD + 2.242VRTDFflV 8
Analysis of the thickness dependent voltammetric peak current data (see Figure 3.7B 
and equation 3.6) suggests an approximate apparent diffusion coefficient o f D = 3.5 
x 10' 14 m V 1 for TMAFc+. This value is very similar to the apparent diffusion 
coefficients reported, for example, for Ru(bipy)33+/2+ in pure Nafion®[28,29l
Next, the scan rate is systematically varied. In Figure 3.8 voltammetric data for the
oxidation of TMAFc+ immobilised in a 5-layer Ti0 2 -Nafion® film are shown. A plot
of the logarithm of the peak current versus the logarithm of the scan rate is expected
to result in two linear regions: (i) a linear region with slope 1 due to thin film
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behaviour (see equation 3.4) and (ii) a region with slope lA due to diffusion within 
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Figure 3.8. (A) Cyclic voltammograms (scan rate (i) 0.002, (ii) 0.01, (iii) 0.02, (iv) 0.1 Vs* 
*) for the oxidation and re-reduction of ferrocenylmethyl-trimethylammoniunf immobilized 
into a 5-layer T i0 2-Nafion® film at an ITO electrode surface (area 1 cm2) and immersed into 
aqueous 0.1 NaC104. The ferrocenylmethyl-trimethylammonium+ concentration during the 
immobilizations step was 2 mM in water. (B) Plot of the peak current for the oxidation peak 
versus scan rate.
The plot in Figure 3.8B clearly shows a transition betw een thin film and diffusion 
characteristics at a transition scan rate o f  vtrans «  0.05 V s '1. By com bining equations
3.4 and 3.5 an approxim ate expression for this transition can be obtained (equation 
3.7).
D  = n V .ransF
RT 1.784
(3.7)
For data in Figure 3.8B the apparent diffusion coefficient is calculated as D «  1 x 10' 
14 m V 1 in good agreement with the estimate obtained above. The thickness o f  the
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film 5  introduces a considerable error into this calculation and therefore the 
methodology based on thickness variation is probably more accurate.
3.4 Conclusion
It has been shown that well defined open-pore mesoporous structures are obtained by 
a layer-by-layer deposition of TiCh with Nafion® ionomer binder. Ti0 2  particles of 
nominal 6  nm diameter tend to cluster into aggregates of ca. 20-40 nm size. The 
properties of the resulting films have been investigated and redox reactions for three 
cationic redox systems studied. At potentials sufficiently positive of the conduction 
band edge, charge propagation/diffusion within the films is entirely due to electron 
hopping and molecular diffusion and very similar in magnitude when compared to 
processes in conventional Nafion® membrane systems. The open structure of these 
films allows fast diffusional access into the porous structure and in future this kind of 
membrane could be beneficial as a sensor film or it could be employed as a host for 
proteins or enzymes.
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4. Electrochemical Characterisation of T i0 2 FAD Composite Films
4.1 Introduction
The study of mesoporous titania structures is of high importance for applications for 
example in sensors[1], photovoltaic cells[2’3’41, electrochromic devices[5], thin film 
coatings[61, and a wide range of other applications171. Recently it has been shown that 
thin films of titania can be formed in a layer-by-layer deposition process from an 
aqueous sol and with the help of a molecular binder. Typical binder systems for T i0 2 
include polydentate anionic molecules such as phytic acid[81, hexametaphosphate and 
cyclohexane hexacarboxylic acid[9], or carboxymethyl-cyclodextrin derivatives1101. It 
is shown here that a more complex and redox-active molecule such as flavin adenine 
dinucleotide (FAD, see Figure 4.1) can also be employed as a molecular binder. The 
resulting structures show electrochemical activity associated with the flavin group[H 1  
and allow electron transfer and transport processes to be explored by voltammetry.
FAD is a naturally occurring redox system with flavin as the redox active structural 
unit (see Figure 4.1). Based on their ability to exchange electrons and to form 
covalently bound reaction intermediates, flavins and riboflavins are highly versatile 
chemical and biological building blocks with active roles in a variety of biological 
processes, e.g. in the respiratory chain and in catalytic flavoproteins[12]. The redox 
chemistry of flavin derivatives has been of high interest^131.
The Langmuirian adsorption and electrochemistry of FAD on various types of 
electrodes^141 and in particular onto T i0 2 electrodes 1^51 has been reported. Also, the 
immobilization by electropolymerisation of FAD derivatives is possible and has 
been demonstrated to give very stable and electrocatalytically active electrodes^16’171. 
Recently, the self-assembly of FAD with ZnO into electrochemically active films has 
been reported^181. The electrochemical properties of FAD and other flavin derivatives 
are of interest as mediator systems for example in sensors 1^91 and for the 
electrocatalytic oxidation of NADH[201. The electrochemistry of FAD at anodized 
titanium electrodes was investigated under conditions of variable pH and in different 
electrolyte systems^211. It was demonstrated that the effect of pH is consistent with
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Figure 4.1 The molecular structure of flavin adenine dinucleotide (FAD) in the oxidized and 
in the reduced form. Binding to T i0 2 is most likely via the diphosphate group.
In this chapter a novel layer-by-layer film o f  TiC>2 FAD is formed by alternating 
exposure o f  an electrode surface to aqueous solutions containing (i) TiC>2 
nanoparticles o f  ca. 6  nm diameter and (ii) FAD. M esoporous films are grown with 
variable thickness and the electrochemical characteristics o f  FAD within the 
m em brane are explored. Spacer layers o f  TiC>2 phytate are introduced between 
electrode surface and T i0 2  FAD and it is dem onstrated that diffusion o f  electrons 
through the Ti0 2  structure is facile. Finally, the com parison o f  the electrochemical 
characteristics o f  a calcined (binder-less) Ti0 2  structure and a layer-by-layer grown 
TiC>2 structure strongly suggest that electronic changes occur during calcination 
which affect the availability, mobility, or interfacial transfer o f  electrons within the 
m esoporous structure.
4.2 Experimental
4.2.1 Chem ical Reagents
1,2,4,5-Benezenetetracarboxylic acid or pyrom ellitic acid (96%), phytic acid (myo- 
inositolhexakis(dihydrogen phosphate) dodecasodium  salt hydrate), perchloric acid
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(70% A.C.S reagent), phosphoric acid (85% wt% in water A.C.S reagent), 
K4Fe(CN)6, NaOH, KC1 (all Aldrich), FAD (flavin adenine dinucleotide, Sigma) 
were obtained commercially and used without further purification. TiCh sol (ca. 6  
nm diameter, anatase, 30-35% in aqueous HNO3 , pH 0-1, TKS-202) was obtained 
from Tayca Corp, Japan. Solutions were prepared using deionized water with a 
resistivity of not less than 18 MQ cm.
4.2.2 Instrumentation
Voltammetric experiments were performed with an Autolab PGSTAT20 system 
(Eco Chemie, Netherlands) in a standard three terminal electrochemical cell with a 
saturated calomel reference electrode, SCE, (Radiometer, Copenhagen) placed ca. 
0.5 cm from the working electrode and a 2 cm x 2 cm platinum gauze counter 
electrode. The working electrodes were made from tin-doped indium oxide (ITO) 
coated glass (10 mm x 60 mm, 15 Q per square, Image Optics, Basildon, UK). The 
ITO electrode was rinsed with ethanol, heat treated in the furnace for 1 h at 500 °C, 
and re-equilibrated to ambient conditions prior to use. Atomic force microscopy 
(AFM) images were obtained with a Digital Instruments Nanoscope Ilia MultiMode 
Scanning Probe Microscope in the AFM contact mode. Field emission gun scanning 
electron microscopy (FEGSEM) images were obtained on a Leo 1530VP Field 
Emission Gun SEM system. Samples were gold coated (ca. 3 nm) in a sputter 
coating unit prior to imaging. Layer-by-layer deposits were prepared using a robotic 
dip coater (DSG Dip Carousel, Nima Technology, Coventry, UK). Prior to 
voltammetric experiments solutions were de-aerated with argon (BOC). All 
experiments were conducted at a temperature of 2 2  +/- 2 °C.
4.2.3 Layer-by-layer Formation of TiC>2 membrane films
The deposition procedure consisted of a sequence of dipping steps with (i) a Ti0 2  sol 
( 6  nm diameter, 3%wt in nitric acid, pH 2) for 60 seconds, (ii) distilled water for 30 
seconds, (iii) distilled water for 30 seconds, (iv) binder solution for 60 seconds, (v) 
distilled water for 30 seconds, and (vi) distilled water for 30 seconds. This completed 
a single layer deposition and the cycle was repeated for each layer formed. Binder
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solutions employed in this study were 2 mM FAD in distilled water, 40 mM phytate 
(adjusted with HCIO4 to pH 3), or 40 mM pyromellitate (adjusted with HCIO4 to pH
3).
Typical atomic force microscopy (AFM) images of films formed after 1 layer and 
after 10 layer deposition of TiC>2 FAD are shown in Figure 4.2. The electrode surface 
was scratched with a scalpel prior to imaging in order to expose the bare electrode 
and to allow film thickness information to be obtained. It can be seen that a single 
layer deposit has a thickness of approximately 30 nm (Figure 4.2A) whereas a 10 
layer deposit has a thickness of approximately 300 nm (Figure 4.2B). This is entirely 
consistent with earlier reports describing the layer-by-layer deposition of TiC>2 
phytate films[22]. Experiments conducted with pyromellitic acid as the binder also 
result in the deposition of films of ca. 30 nm thickness per layer. Figure 4.2C shows 
an FEGSEM image for a 1-layer TiC>2 FAD film confirming homogeneity.
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192nm |662m n
Figure 4.2 AFM data showing (A) a 1 layer deposit of T i0 2 FAD on ITO and (B) a 10 layer 
deposit of T i0 2 FAD on ITO. The surface has been scratched with a scalpel prior to imaging. 
The difference in film thickness is consistent with a deposition of ca. 30 nm Ti0 2 particles 
per layer. (C) FEGSEM images for a 1 layer Ti0 2 FAD film on ITO. The film deposit has 
been scratched with a scalpel prior to imaging. Individual particles of ca. 6  nm diameter can 
be seen to form agglomerates in a mesoporous structure.
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4.3 Results and Discussion
4.3.1 Electrochem ical Reactivity o f Ti0 2  FAD Films
In solution, FAD is reduced to FADH 2 (see Figure 4.1) via a semiquinone 
interm ediate123^ and the mechanism  for the overall process is both pH and electrode 
material dependent. Figure 4.3 shows typical cyclic voltam m ogram s for the 
reduction o f  1 mM  FAD in 0.1 M KC1 (stabilized with 2 mM  phosphate buffer at pH 
7) obtained at a bare ITO electrode. A complex and quasi-reversible reduction -  
oxidation response is observed with a reversible potential o f  -0.46 V vs. SCE. By 
adjusting the pH  over a range from 6  to 8  a gradual shift o f  this voltammetric 
response with approxim ately 59 mV per pH unit is observed consistent with the 
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Figure 4.3 Cyclic voltammograms (scan rates (i) 0.02 V s '1, (ii) 0.05 V s'1, and (iii) 0.1 Vs'1) 
for the reduction of 1 mM FAD in aqueous 0.1 M KC1 (containing 2 mM phosphate buffer 
pH 7) at a 10mm x 5mm ITO electrode.
Figure 4.4 shows typical voltamm ogram s obtained with a T i0 2  FAD modified ITO 
electrode. In figure 4.4A  cyclic voltamm ogram s (10 consecutive cycles, scan rate 
100 m V s'1) obtained for a one layer T i0 2  FAD film imm ersed in aqueous 0.1 M KC1 
are shown. A reversible reduction is observed with a m idpoint potential o f -0.45 V 
vs. SCE. This reversible reduction is consistent with the reduction o f  FAD observed 
in solution and is here tentatively assigned to a 2  electron -  2  proton process[21] (see 
Figure 4.1). The form ation o f the semiquinone interm ediate cannot be ruled out.
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Figure 4.4 Cyclic voltammograms (scan rate 0.1 Vs'1) showing the current data for the first 
ten potential cycles for a 10mm x 10mm ITO electrode modified with (A) 1 layer, (B) 5 
layers, and (C) 8  layers of T i0 2 FAD and immersed in aqueous 0.1 M KC1 solution. The 
repeatability of the voltammetric response for a 5 layer T i0 2 FAD electrode is shown in (D) 
with (i) the voltammetric response in the initial potential cycle, (ii) the initial potential cycle 
after a 5 minute wait with a potential of +0.5V vs. SCE applied, and (iii) after a further 5 
minute wait with a potential of +0.5V vs. SCE applied. The gradual shift of the voltammetric 
response is believed to be due to a gradual loss of protons from the mesoporous structure.
The voltam m etric signal for the surface im m obilized FAD (Process 1) m ay be 
described by equation 4.1 and assumes electron transfer from ITO directly to FAD 
which is im m obilized on the T i0 2  surface. This m echanism  (probably enhanced by 
additional hopping conduction1241 extending across the first T i0 2  particle layer) 
operates only in the vicinity o f  the ITO electrode surface (see below). A model for 
this kind o f  conduction process at m icroparticle surfaces has been suggested and
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treated by Schroder et al[25]. Experiments at a bare ITO electrode in the absence of 
Ti0 2  suggest that strong adsorption of FAD occurs only at the surface of the Ti0 2  
particles and not at the ITO substrate.
Process 1 : FAD(Ti02) + 2  e'(ITO electrode) + 2  H+(aq) -» FADH2 (Ti02) (4.1)
A second reduction response is detected with a peak potential of -0.66 V vs. SCE 
(see Figure 4.4A) and this voltammetric signal appears to be essentially irreversible. 
By increasing the number of Ti0 2  FAD layers this voltammetric response increases 
considerably and is consistent with the reduction of FAD immobilized in the bulk of 
the mesoporous Ti0 2  film (see Figure 4.4A-C). This process is tentatively assigned 
to the FAD reduction with Ti0 2  providing a conduit for electrons (equation 4.2).
Process 2 : FAD(Ti02) + 2  e'(Ti02) + 2  H+(aq) -*  FADH2(Ti02) (4.2)
The irreversibility of the electrochemical FAD reduction may be regarded as an 
electronic effect based on the semi-conducting nature of TiC>2 . Scanning the potential 
to more positive potentials does not allow the oxidation FADH2 to be observed since 
this requires electron injection into the conduction band of TiC>2 , which under these 
conditions appears to be kinetically slow. It is interesting to note that scanning the 
potential to positive potentials after formation of FADH2 at the TiC>2 surface results 
in a considerable electrochemical potential gradient within the membrane close to 
the electrode surface. That is, FAD (close to the electrode surface) and FADH2 
(within the mesoporous Ti0 2  film) are both present in close distance.
Scanning the potential to more negative potentials gives rise to a further cathodic 
process. This process is consistent with the reduction of Ti(IV) sites in the TiC>2 
nanoparticles[26] and therefore corresponds to reversible conduction band filling 
accompanied by proton insertion[27] (equation 4.3). The magnitude of the 
voltammetric response associated with Process 3 scales with the number of Ti0 2  
layers deposited.
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Process 3: Ti(IV)(Ti0 2 ) + e'(ITO electrode) + H+(aq) -» Ti(III)(Ti0 2 ) +
H+(Ti02) (4.3)
The irreversible nature of Process 2 is dramatic and it can be seen for example in 
Figure 4.4C that the reduction peak current associated with Process 2 is reduced in 
the second and consecutive potential cycles. After the initial reduction, the 
electrochemically accessible amount of FAD is exhausted. Experimentally, it was 
observed that a waiting time of ca. 5 minutes between experiments is required to 
fully recover the reduction response for Process 2. Figure 4.4D shows that with a 5 
minute waiting time between experiments the voltammetric signal becomes fully 
repeatable and the electrode modified with Ti0 2  FAD is stable. A minor shift in the 
peak position can be attributed to a small change in the concentration of protons 
within the membrane induced by processes at the TiC>2 surface. This kind of effect 
has been observed before for similar pH dependent redox systems immobilized in 
mesoporous TiC>2 films, and the shift in reversible potential may be regarded as a 
probe into the local pH at the solid | liquid interface1281. There is no obvious effect of 
room light or darkness on the voltammetric data. It seems very likely that the re­
oxidation is coupled to either slow exchange via very low concentrations of ‘free’ 
FAD in the pore solution or, perhaps most likely, traces of oxygen in the solution 
and/or slow hydrogen evolution at the Ti0 2  surface^261, which would also explain the 
gradual shift of the voltammetric response in Figure 4.4D.
The effect of scan rate and convection/stirring in the electrochemical cell are 
consistent with a strongly bound FAD redox system at the surface of the TiC>2 
membrane. Over a range of scan rates from 0.01 Vs' 1 to 0.5 V s' 1 voltammetric peaks 
for both Process 1 and Process 2 increase linearly with scan rate. Agitation of the 
solution during voltammetric experiments does not affect the shape of the current 
response. It is interesting to compare earlier reports of the electrochemical reduction 
of FAD immobilized on TiC>2 surfaces which seem to agree mainly with the 
characteristics of electrochemical responses observed for Process 1[20]. The 
observation of Process 2 can be explained based on the electronic properties of the 
TiC>2 FAD assembly. Figure 4.5 summarises the differences of Process 1 (occurring
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in direct contact with the ITO electrode and via electron hopping) and Process 2 
(occurring via electron transport within the Ti0 2  structure).
Process 1
Figure 4.5 Schem atic representation o f  the ITO electrode | T i02  film  interface with two  
distinct redox processes indicated. Process 1 show s interfacial electron hopping due to FAD  
adsorbed onto the T i0 2 surface in the vicinity o f  the ITO electrode. Process 2 show s the 
diffusion  o f  electrons into the T i0 2 structure w hich  is fo llow ed  by reduction o f  FAD  
adsorbed on the T i 0 2 surface throughout the film.
4.3.2 Electrochem ical Reactivity o f  M ixed Ti0 2  Phytate - T i0 2  FAD Films
Next, m esoporous D O 2 films were formed by first depositing layers o f  D O 2 
phytate18^ followed then by layers o f  D O 2 FAD. W ith phytic acid as a binder, D O 2 
phytate films w ith typically 30 nm thickness per layer are produced. In contrast to 
the TiC>2 FAD films, the D O 2 phytate films have no adsorbed redox centres and 
therefore contribute only to the electrochemical reduction o f  Ti(IV) (Process 3)[29]. 
Electrodes produced by m odifying an ITO substrate with T1O2 phytate film show no 
affinity towards FAD adsorption due to the com plete coverage o f  the surface with 
the polydentate phytic acid binder. D O 2 phytate is therefore expected to act as a 
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Figure 4.6 C yclic  voltam m ogram s (scan rate 0.1 V s'1) for the reduction o f  im m obilized  
FA D  at layered 10m m  x 10mm ITO electrodes m odified  w ith  (A ) 1 layer T i0 2 phytate 
fo llow ed  by 5 layers o f  T i0 2 FA D  and (B ) 5 layers o f  T i 0 2 phytate fo llow ed  by 5 layers o f  
T i0 2 F A D  im m ersed in aqueous 0.1 M KC1 (scans 1-10 show n).
Initially an electrode with 1 layer o f  Ti0 2  phytate and 5 layers o f  T i0 2  FAD was 
used. In Figure 4.6 it is shown that for this type o f  electrode the voltamm etric 
response associated with Process 2 is still observed, but the voltamm etric response 
for Process 1 is alm ost entirely suppressed (compare Figure 4.4B). Two important 
conclusions from this observation are (i) the interpretation o f  Process 1 as occurring 
in direct contact w ith the electrode (see Figure 4.5) is correct and (ii) conduction o f  
electrons through the T i0 2  phytate spacer film (at sufficiently negative potentials) is 
facile. The peak current for the reduction o f  FAD im m obilized w ithin the membrane 
is only slightly sm aller compared to the peak current observed for a simple 5 layer 
TiC>2 FAD film (see Figure 4.4B).
Increasing the thickness o f  the TiC>2 phytate spacer layer has a further consequence. 
In Figure 4.6B voltam m ogram s obtained with a 5 layer T i0 2  phytate -  5 layer TiC>2 
FAD film are shown. It can be seen that the response for the TiC>2 based Ti(IV/III) 
reduction (Process 3) is further increased and the response for the FAD reduction 
(Process 2) is still observed. However, in the second and consecutive scans the peak 
current for the reduction peak at -0.66 V vs. SCE is reduced and the tim e it takes for 
the electrode to ‘recover’ after reduction o f  the im m obilized FAD is increased.
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Clearly, the 5 layer TiC^ phytate film is adding a longer diffusion path and therefore, 
slows down the transport of electrons during both the reduction and the re-oxidation.
It is possible to exploit this effect of the spacer layer on the peak current for Process 
2  to obtain an order-of-magnitude estimate for the diffusion coefficient for the 
electrons in the Ti0 2  phytate film. The reduction in the peak current for Process 2 (in 
Figure 4.6) may be interpreted as a transport effect in which electrons have to travel 
through the Ti0 2  phytate spacer film (see Figure 4.5). For a very thick film the 
transport of electrons through this film will dominate the voltammetric response. In 
this case, a simple approximation for transport across a membrane can be employed 
(equation 4.4). The following expressions (equations 4.5 and 4.6) approximately 
describe the effect of the membrane on the peak current Ipeak,o (equation 4.4) and 
allow an estimate for the diffusion coefficient of the electrons, Deiectron-, to be 














In these expressions, Imembrane is the transport limited current across a membrane of
thickness <5, Ipeak is the observed peak current, Ipeak,o is the peak current observed in
the absence of the TiC>2 phytate spacer layer, F  is Faraday’s constant, A is the area of
the electrode, and D e ie c tron  ceiectron denote the diffusion coefficient and concentration
of electrons in the TiC>2 phytate film in the potential range investigated. The
parameter 8  describes the thickness of the TiC>2 phytate spacer layer as shown in
Figure 4.7A. This equation allows an approximate value for the product Deiectron x 
10 1 1electron = 8  x 1 0 ' mol m' s' to be obtained from the experimental peak currents 
(see Figures 4.4B and 4.6B).
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Figure 4.7 (A) Schematic representation of a layered structure with a T i0 2 phytate film and 
a T i0 2 FAD film subsequently deposited onto an ITO substrate electrode. The parameter 8  
describes the thickness of the T i0 2 phytate film. (B) Plot showing the determination of the 
peak current, lpeak, and of the concentration of electrons, ceiectro„.
A rough estimate for the concentration o f electrons, electron, can be obtained from the 
analysis o f the voltammetric signal for Process 3 in Figure 4.6B. The shape o f the 
voltammetric response is approximately exponential and often attributed to the 
presence o f ‘trap states’[27]. By fitting an exponential curve into the cathodic part of 
the response for Process 3 and integration (see gray area in Figure 4.7B), the number 
o f mobile electrons, ceiectr0n, in the mesoporous membrane can be obtained as roughly 
1-10 mM (or roughly one electron per particle). Therefore an upper limit for the 
diffusion coefficient can be estimated from the Deiectror, x ceiectr0n value as Deiectron = 
10' 6 m 2s '1. This approximate value is not inconsistent with earlier estimates of 
Deiectron for other types o f T i0 2 structures[30] and only slightly higher than values 
determined for mesoporous T i0 2 in organic solvents[31J. For more accurate 
measurements o f Deiectron a wider range of membrane thicknesses, different scan 
rates, and a more quantitative data analysis approach will be required.
4.3.3 Redox Mediator Currents within the Mesoporous T i0 2 FAD Membrane
The reduction of FAD immobilized on the T i0 2 surface creates a high concentration 
o f FADH2 which cannot immediately be directly re-oxidised electrochemically. The
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presence o f  FA D H 2 very close to the electrode surface creates a gradient o f 
electrochemical potential w ithin the Ti0 2  m em brane and it can be shown that traces 
o f  redox active m aterials are sufficient to ‘shuttle’ electrons across the nanometre 
w ide potential gap. Experim ents have been conducted with small concentrations o f 
Fe(CN)64’ added to the aqueous 0.1 M KC1 electrolyte solution and a dramatic effect 
has been observed. Figure 4.8A shows voltam m ogram s obtained for the reduction o f 
a 5 layer TiCb FAD electrode immersed in aqueous 0.1 M  KC1 containing 1 pM  
Fe(CN)64'. The oxidation o f  Fe(CN)64" occurs at a reversible potential o f  0.18 V vs. 
SCE and the oxidation process is detected as a ‘quasi steady state’ current (Process
4). The effect increases with Fe(CN)64’ concentration and levels o ff  with more than 6  
pM  Fe(CN)64' present in the electrolyte solution (see Figure 4.8B).
Figure 4.8 Cyclic voltammograms (scan rate 0.1 V s '1) for the reduction of FAD 
immobilized within a 5 layer T i0 2 FAD film at a 10mm x 10mm ITO electrode immersed in 
aqueous 0.1 M KC1 containing (A) 1 pM and (B) 6  pM Fe(CN)64’. The new voltammetric 
response, Process 4, is consistent with a strongly amplified current signal for the oxidation 
of Fe(CN)64’.
The effect o f  the indirect oxidation on the reduction response for the immobilized 
FAD (Process 2) can be clearly seen and the process is described by equation 4.7.
Process 4a: Fe(CN )6 4 '(aq) ->  Fe(CN)6 3 '(aq) + e'(ITO  electrode) (4.7a)
-300J
- 1.0 -0.5 0.0 0.5
E/Vvs.  SCE
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Process 4b: 2  Fe(CN)6 3 '(aq) + FADH2(Ti02) -> 2  Fe(CN)64 '(aq) + FAD(Ti02) + 2  
H+(aq) (4.7b)
The current obtained during oxidation of the Fe(CN)64’ mediator is orders of 
magnitudes higher than that expected for the simple diffusion controlled oxidation at 
this concentration. It is revealing to employ a simple thin layer cell model to estimate
nFDefrAc
the diffusion length 8  = ------- —  as a function of the number of transferred
- l^im
electrons per mediator molecule, n = 1, Faraday’s constant, F  = 96487 Cmol'1, the 
diffusion coefficient for the mediator, DFeiCN) *- = 0.65 x 10*9 m2s '1[32], the effective
diffusion coefficient Dejf., which is approximately related to the volume fraction of 
impenetrable spheres, §s ~ 0.5, with Deff ^he geometric electrode
area, A = 10-4 m2, the concentration of mediator, c = 1 x 10' 6 M, and the diffusion 
limited current, 7/,m = 2 0  x 10' 6 A (see Figure 4.8 A). The resulting estimate for the 
diffusion length of 8 = ca. 125 nm is in very good agreement with the physical 
dimension of the film deposit and this further supports the proposed ‘shuttle’ 
mechanism.
4.3.4 Electrochemical Reactivity of Calcined TiC>2 FAD Films
The layer-by-layer deposition allows organic-inorganic composite films to be grown 
where individual Ti(> 2  particles are separated by a molecular binder, here FAD or 
phytic acid. It is interesting to explore the effect of this ‘binder’ on the electronic 
properties of the film deposit. A pure TiC>2 film was prepared by multi-layer 
deposition of TiC>2 pyromellitate (or Ti0 2  1,2,4,5-benzenetetracarboxylate). Films 
formed with pyromellitic acid as a binder also form layer-by-layer films with about 
30 nm thickness per layer (see experimental). The resulting film was calcined in air 
at 500°C to give a pure TiCb (anatase) film without organic binder. The film was 
then immersed in 2 mM FAD solution in distilled water to allow FAD adsorption 
onto the mesoporous membrane. Figure 4.9 shows typical data from cyclic 
voltammetry experiments of (i) a 1 layer, (ii) a 3 layer, and (iii) a 10 layer film and 
the reduction of FAD (Process 1) is clearly detected at a potential of -0.45 V vs.
86
Elizabeth V. Milsom Chapter 4
SCE. However, in this case the increase in the voltam m etric signal with film 
thickness suggests that all FAD throughout the m em brane is reduced and not just 
material in the vicinity o f  the electrode surface. Even m ore striking is that the re­
oxidation o f  FA D H 2 within the film appears to be still kinetically slow but more 
facile. It is likely that Process 1 and Process 2 have merged. Process 3 is detected as 
before, although the shape is broader and the onset appears to be at a m ore positive 
potential.
(iii)
E / V v s .  SCE
Figure 4.9 Cyclic voltammograms (scan rate 0.1 V s'1) for the reduction of FAD 
immobilized within a T i0 2 membrane formed by depositing (i) 1 layer, (ii) 3 layers, and (iii) 
10 layers of T i0 2 pyromellitate (calcined at 500°C in air followed by impregnation with 
FAD). The calcination process changes the electronic properties compared to those observed 
for the wet-assembled membranes.
The shift o f  the reduction Process 2 towards more positive potentials seems to imply 
a faster electron transfer rate constant from TiC>2 to the adsorbed FAD, which could 
be explained by a higher concentration o f  electrons ceiectron (and holes Choies) within 
the m esoporous structure. This would also allow the m ore facile re-oxidation o f 
FADH 2 to be explained and it agrees with the broader shape o f  the response for 
Process 3. It is likely that the potential dependent concentration o f  electrons, ceiectron, 
possibly also their mobility, Deiectron, or changes in the surface dipole o f  the Ti0 2  | 
aqueous electrolyte interface have been affected by the calcination process, e.g. by 
the rem oval o f  the binder between individual particles. However, m ore work will be 
required to confirm  this speculation and to provide a m ore quantitative mechanistic 
description for redox processes in these m esoporous TiC>2 films.
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4.4 Conclusions
It has been shown that films of TiC>2 FAD can be deposited layer-by-layer in a 
simple dip coating approach. The immobilized FAD is electrochemically active 
throughout the film and is readily reduced electrochemically. The re-oxidation is 
kinetically inhibited. The re-oxidation may occur chemically or a trace amount of a 
solution phase redox mediator such as Fe(CN)64" can be employed to 
electrochemically oxidize FADH2 back to FAD. An electronic difference has been 
observed for TiC>2 films which are self-assembled with an organic binder molecule 
and films of pure TiC>2 formed after calcination of TiC>2 pyromellitate.
4.5 References
[1] See for example Varghese, O.K.; Grimes, C.A. J. Nanosci. Nanotechnol.,
2003, 3,277.
[2] Peter, L.M.; Duffy, N.W.; Wang, R.L.; Wijayantha, K.G.U. J. Electroanal. 
Chem., 2002, 524, 127.
[3] Durrant, J.R.; Haque, S.A.; Palomares, E. Coord. Chem. Rev., 2004, 248,1247.
[4] Bisquert, J.; Cahen, D.; Hodes, G.; Ruhle, S.; Zaban, A. J. Phys. Chem. B,
2004,108, 8106.
[5] Cummins, D.; Boschloo, G.; Ryan, M.; Corr, D.; Rao, S.N.; Fitzmaurice, D. J. 
Phys. Chem. B , 2000,104, 11449.
[6 ] See for example Yu, J.C.; Yu, J.G.; Tang, H.Y.; Zhang, L.Z. J. Mater. Chem., 
2002, 72,81.
[7] Fujishima, A.; Hashimoto, K.; Watanabe, T. HO2 Photocatalysis, BKC Inc., 
Tokyo, 1999.
[8 ] McKenzie, K.J.; Marken, F. Langmuir, 2003,19, 4327.
[9] McKenzie, K.J. Ph.D. Thesis, Loughborough University, Loughborough 2004.
[10] Stott, S.J.; Mortimer, R.J.; McKenzie, K.J.; Marken, F. The Analyst, 2005,130, 
358.
[11] Dryhurst, G. Electrochemistry o f biological molecules, Academic Press, New 
York, 1977.
[12] Massey, V. Biochem. Soc. Trans., 2000, 28, 283.
[13] See for example Testa, B. Biochemistry o f Redox reactions, Academic Press, 
London, 1995.
88
Elizabeth V. Milsom Chapter 4
[14] For a review see Dryhurst, G. Electrochemistry o f Biological Molecules, 
Academic Press, New York, 1977, 365.
[15] Shinohara, H.; Gratzel, M.; Vlachopoulos, N.; Aizawa, M. Bioelectrochem. 
Bioenergetics, 1991, 26, 307.
[16] Ivanova, Y.N.; Karyakin, A.A. Electrochem. Commun., 2004, 6 ,120.
[17] Karyakin, A.A.; Ivanova, Y.N.; Revunova, K.V.; Karyakin, E.E. Anal. Chem., 
2004, 76, 2004.
[18] Lin, K.C.; Chen, S.M., J. Electroanal. Chem., 2005, 578, 213.
[19] See for example Yang, Y.H.; Yang, M.H.; Wang, H.; Tang, L.; Shen, G.L.; Yu, 
R.Q. Anal. Chim. Acta, 2004, 509, 151.
[20] Kubota, L.T.; Gorton, L.; Roddick-Lanzilotta, A.; McQuillan, A.J. 
Bioelectrochem. Bioenergetics, 1998, 47, 39.
[21] Gaijonyte, R.; Malinauskas, A.; Gorton, L. Bioelectrochem., 2003, 61, 39.
[22] McKenzie, K.J.; Marken, F.; Gao, X.; Tsang, S.C.; Tam, K.Y. Electrochem. 
Commun. 2003, 5, 286.
[23] Cabe, M.; Smith, E.T., Anal. Chim. Acta, 2005, 537, 299.
[24] Bond, A.M.; Colton, R.; Daniels, F.; Fernando, D.R.; Marken, F.; Nagaosa, Y.; 
Vansteveninck, R.F.M.; Walters, J.N.,«/. Am. Chem. Soc., 1993,115, 9556.
[25] Schroder, U.; Oldham, K.B.; Myland, J.C.; Mahon, P.J.; Scholz, F., J. Solid 
State Electrochem., 2000, 4, 314.
[26] Marken, F.; Bhambra, A.S.; Kim, D.H.; Mortimer, R.J.; Stott, S.J.
Electrochem. Commun., 2004, 6, 1153.
[27] Fabregat-Santiago, F.; Mora-Sero, I.; Garcia-Belmonte, G.; Bisquert, J. J.
Phys. Chem. B, 2003,107, 758.
[28]Paddon, C.A.; Marken, F. Electrochem. Commun. 2004, 6, 1249.
[29] McKenzie, K.J.; Marken, F.; Oyama, M.; Gardner, C.E.; Macpherson, J.V. 
Electroanalysis, 2004,16, 89.
[30] See for example Cass, M.J.; Qiu, F.L.; Walker, A.B.; Fisher, A.C.; Peter, L.M. 
J. Phys. Chem. B, 2003,107, 113.
[31] Greijer Agrell, H.; Boschloo, G.; Hagfeldt, A. J. Phys. Chem. B, 2004,108, 
12388.
[32] Adams, R.N. Electrochemistry at solid electrodes, Marcel Dekker, New York, 
1969.
89
Elizabeth V. Milsom Chapter 4
[33] Cussler, E.L. Diffusion, Cambridge University Press, Cambridge, 1997.
90
Elizabeth V. Milsom Chapter 5
5. Electrocatalytic Co-oxidation of Water and Nitric Oxide at T i0 2- 
Au Nanocomposite Film Electrodes
5.1 Introduction
The formation of Ti0 2 -gold nanocomposites[11 or cermets[2] has been reported 
previously based on sol-gel methods*31, sol adsorption processes*41, sputter coating*51, 
and with TiC>2 nanotube materials161. The resulting nanocomposite materials are of 
considerable interest due to optical effects and in heterogeneous catalysis where the 
TiCVgold nanocomposite allows low temperature oxidation of carbon monoxide*7’81, 
mild hydrogenation processes*91’ and a range of photocatalytic reactions*101.
Metal nanoparticle arrays at electrode and sensor surfaces are of considerable 
interest*111. Gold nanoparticles have been employed in nanostructured assemblies*121 
and attached to electrode surfaces for example by seed growth methods*131. Gold 
nanoparticle systems have been applied in electrocatalysis for example for the 
determination of arsenic(III)*141, have been incorporated into biosensor devices*151, 
and have found a wide range of applications in assemblies for catalysis1161. A 
deposition and size tuning approach for gold nanoparticles on mercapto-modified 
surfaces has been developed*171. Charge transfer and tunnelling effects have been 
investigated at gold nanoparticle decorated electrode surfaces*181. In this chapter a 
simple method for the formation of structured Ti0 2 -Au composite films is 
developed.
Nitric oxide, NO, is an important short lived intermediate in many biological 
systems *191 and the in situ detection of low level NO in complex matrices remains a 
challenge. Monitoring of NO with electrochemical sensors has been achieved at 
carbon nanostructure electrodes*201, with nickel phthalocyanine complexes*211, iron 
porphyrinato complexes*22’231, nickel porphyrinato complexes*241, with proteins such 
as cytochrome c*251 or hemoglobin*2 6 ’27,281 immobilised at electrode surfaces. The 
mechanism of the reduction and oxidation of NO has been studied at platinum and a 
range of other metal surfaces1291. For the oxidation of NO on gold in 0.1 M H2SO4, 
poor reproducibility and a complex mechanism have been reported*341. Weak
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interaction of NO with the gold surface is believed to lead to the first one-electron 
transfer process which is followed by hydrolysis of NO+ to nitrite. In a second redox 
step the nitrite intermediate is oxidised in a two-electron process to nitrate.
The oxidation of nitric oxide has been reported at gold and gold nanoparticle 
electrodes[30] as well as at gold-Nafion® composite films[31l  Gold has been 
demonstrated to act as an electrocatalyst (when compared to tin-doped indium oxide 
(ITO) electrode surfaces) and gold nanoparticle assemblies have been employed as a 
very sensitive nitric oxide sensor in muscle cells. Recently a Ti0 2 -Nafion film 
immobilised at glassy carbon has been reported as a nitric oxide sensor electrode[32].
In this chapter a simple and versatile procedure for the formation of layered TiC>2-  
gold nanocomposites is reported. The resulting films are characterised and tested for 
the oxidation of nitric oxide in phosphate buffer solution at pH 7. A surprisingly high 
(“amplified”) anodic current for the oxidation of nitric oxide is observed and 
attributed to a simultaneous oxygen evolution process catalysed by the gold 
nanoparticle surface in the presence of NO. A gold surface based mechanism for this 
electrocatalytic co-oxidation process is suggested.
5.2 Experimental
5.2.1. Chemical Reagents
Chemical reagents such as Nafion® perfluorinated ion-exchange resin (5%wt., in a 
mixture of lower aliphatic alcohols and H2 O), poly(diallyldimethylammonium 
chloride) (35%wt in H20), phosphoric acid (85% wt% solution in water A.C.S 
reagent), NaOH, KC1, nitric oxide (all Aldrich), ethanol (Fisher Scientific), tris(2,2- 
bipyridyl)ruthenium(II) chloride (Ru(bipy)3Cl2 , Ventron, Germany) and gold colloid 
(20nm diameter, ca. 0.01 % in HAuCl, Sigma-Aldrich) were obtained commercially 
and used without further purification. TiC>2 sol (ca. 6  nm diameter, anatase, 30-35% 
in aqueous HNO3 , pH 0.5, TKS-202) was obtained from Tayca Corp, Japan. 
Solutions were prepared using deionized water with a resistivity of not less than 18 
MG cm.
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5.2.2 Instrumentation
Voltammetric experiments were performed with an Autolab PGSTAT20 system 
(Eco Chemie, Netherlands) in a standard three terminal electrochemical cell with a 
saturated calomel reference electrode, SCE, (Radiometer, Copenhagen) placed ca. 
0.5 cm from the working electrode and a 2 cm x 2 cm platinum gauze counter 
electrode. The working electrodes were made from tin-doped indium oxide (ITO) 
coated glass (10 mm x 60 mm, 15 Q per square, Image Optics, Basildon, UK). The 
ITO electrode was rinsed with ethanol, heat treated in a furnace (Elite Thermal 
Systems Ltd.) for 1 h at 500 °C, and re-equilibrated to ambient conditions prior to 
use. Field emission gun scanning electron microscopy (FEGSEM) images were 
obtained on a Leo 1530VP Field Emission Gun SEM system. Prior to voltammetric 
experiments solutions were de-aerated with argon (BOC). All experiments were 
conducted at a temperature o f 22 +/- 2 °C.
5.2.3. Layer-by-Layer Formation o f TiC>2 -  Gold Composite Films
A layer-by-layer deposition strategy was chosen in order to prepare structured thin 
layer systems. Two types o f electrodes were prepared with (i) only mesoporous TiC>2 
and (ii) a TiC>2 -  Au composite film (Figure 5.1 summarises the process).
T 1O2  binder




^ '''e le c tro d e
(K)Figure 5.1 Schematic representation o f  (A) the layer-by-layer formation o f  T i0 2-Nafion  
films with (i) immersion in 3wt% T i0 2 sol followed by rinsing and (ii) immersion in 3wt%
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Nafion in methanol followed by rinsing with methanol and with water. (B) Layer-by-layer 
formation of a Ti02-Au structure with (i) and (ii) as above, (iii) immersion in aqueous 
0.3w% PDDAC1 followed by rinsing and immersion into 20 nm Au sol (0.01%) and rinsing, 
and (iv) immersion into 0.3wt% PDDAC1 followed by rinsing and immersion into 0.5wt% 
Nafion in methanol. This four-step cycle may be repeated to create Ti02-Au multi-layer 
films. (C) A two-electrode arrangement with a IT0-Ti02-Au generator electrode in close 
vicinity to a 50 pm diameter platinum wire (Teflon coated) collector electrode.
The deposition procedure for the mesoporous TiC>2 electrode consisted of a sequence 
of liquid immersion steps with (i) a TiC>2 sol ( 6  nm diameter, 3%wt in nitric acid, pH 
ca. 2 ) for 60 seconds followed by rinsing with distilled water and drying in air, (ii) 
dipping into Nafion® anionomer solution (ca. 0.5 wt% in methanol) for -10 seconds 
followed by rinsing with distilled water. This completed a single layer deposition for 
the simple Ti0 2 -Nafion film and the cycle was repeated to add more layers. After 
deposition of the required number of layers the electrodes were calcined at 500°C in 
air for 1 hour to leave a purely inorganic mesoporous anatase film.
The deposition of the Ti0 2 -Au nanocomposite film involved the same sequence of 
dipping steps as mentioned above with additional steps (iii) dipping into 
poly(diallyldimethylammonium chloride) solution (ca. 0.3 wt% in H20 ) for -10 
seconds followed by rinsing with distilled water, (iv) soaking in the 2 0 nm gold 
colloid for 30 minutes followed by rinsing with distilled water and drying in air. 
Before the next layer of the TiC>2 -  Au nanocomposite can be added, the electrode is 
dipped once again into the poly(diallyldimethylammonium chloride)(PDDAC) 
solution for -10  seconds, rinsed with water and then dipped into Nafion solution for 
-10 seconds and rinsed with water. This completes a single layer Ti0 2 -Au 
deposition. The deposition steps are repeated to increase the thickness of the film. 
After the deposition of the required number of layers the electrodes are calcined in 
air at 500°C for 1 hour. A typical SEM image of a Ti0 2 -Au nanocomposite film is 
shown in Figure 5.2. The thickness of the film is approximately 30 to 50 nm per 
layer after calcination. Well-spaced gold nanoparticles are embedded into the TiC>2 
matrix and most exhibit a 20 nm diameter. Some particles appear to have an 
increased diameter due to merging of two closely spaced particles under high 
temperature conditions. However, most particles in the TiC>2 matrix appear to avoid
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sintering or coalescence which is also confirmed by the red colour o f  the calcined 
T i0 2 -Au nanocom posite film.
Figure 5.2 FEGSEM image of the surface of a calcined T i0 2-Au film deposit. Bright 
particles correspond to Au nanoparticles distributed evenly throughout the structure.
5.2.4. N itric Oxide Solution Preparation and Detection Procedure
A nitric oxide saturated solution (ca. 1.8 mM in N O [33]) was prepared by bubbling 
pure N O  gas through 10 mL deoxygenated deionised w ater for 30 minutes. All parts 
o f  the apparatus were thoroughly degassed with argon prior to use and during the 
procedure a constant flow o f  argon was kept over the solution, as NO rapidly reacts 
with O 2 . The resulting solution o f  NO was used as a stock solution and aliquots 
transferred into the reaction cell (under argon) via glass syringe. NO  determination 
experim ents were conducted in a 30 mL electrochem ical cell.
5.3 Results and Discussion
5.3.1. Form ation and Electrochemical Characterisation o f  M esoporous T i0 2 -Au Thin 
Film Electrodes
Thin films o f  T i0 2  are readily deposited onto tin-doped indium oxide (ITO) 
substrates em ploying a layer-by-layer procedure[34]. The binding o f  the positively 
charged 6  nm diam eter T i0 2  nanoparticles onto ITO is believed to be governed by an
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electrostatic interaction1351 and a Nafion® anionom er is employed here to allow 
continuous deposition in a layer-by-layer m anner (see experim ental section 5.2.3). 
W hen followed by electrochemistry, the layer-by-layer growth o f  the TiCb-Nafion 
film can be readily observed based on the characteristic reduction o f  Ti(IV) observed 
at ca. -0.6 V vs. SCE (see Figure 5.3A). Shown here is the voltamm etric response for 
the calcined film (see experimental section 5.2.3) free o f  organic material and 
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Figure 5.3. (A) Cyclic voltammograms (scan rate 100 mVs'1) for the reduction and re­
oxidation of a 1,3, and 5 layer T i0 2 deposit (prepared with a Nafion binder and calcined at 
500 °C in air) on an ITO electrode immersed in aqueous 0.1 M KC1. (B) Cyclic 
voltammograms for a 1,3, and 5 layer T i02- Au nanocomposite electrode obtained under the 
same conditions.
Each layer o f  T i0 2  adds to the signal, and m easurem ents by AFM  (not shown) 
confirm  an average increase o f film thickness by about 25 nm per deposition cycle. It 
is interesting to introduce further components into this kind o f  layered nanostructure 
and in particular catalytic metal centres are o f  interest. The deposition procedure was 
further developed and the Nafion® layer was followed by the deposition o f  a 
cationom er, PD DA C (see experimental section 5.2.3). This cationom er layer then 
allows gold nanoparticles (nominal 2 0  nm diameter) to be adsorbed onto the surface. 
The cycle is com pleted by additional layers o f  PDDAC and a layer o f  Nafion. 
Repeating this sequence allows a well-defined nanocom posite, T i0 2 -Au, to be 
deposited in variable thickness. Typical voltamm etric responses for this kind o f film
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after calcination are shown in Figure 5.3B. It can be observed that the reduction of 
Ti(IV) still occurs, but it occurs as a much more irreversible process due to more 
facile hydrogen evolution on gold.
In order to directly observe the voltammetric response for the gold nanoparticles 
immobilised in this structure, experiments were conducted in 0.1 M phosphate buffer 
at pH 7. Under these conditions, a characteristic oxidation and re-reduction response 
for the gold nanoparticles is obtained (see Figure 5.4A). Each Ti0 2 -Au deposition 
cycle adds to the gold response which implies at least partial conductivity through 
the TiCVAu composite film. From the SEM image (see Figure 5.2) it can be seen 
that the distribution of Au nanoparticles is homogeneous but sparse and some 
particles may well be out of tunnelling range. A plot of the charge under the cathodic 
gold response versus the number of layers is shown in Figure 5.4B. It can be seen 
that an increase in the gold signal even occurs for 1 0  layer deposits (curve i) but the 
expected trend estimated based on the SEM image (curve ii) clearly indicates that 
more gold is present. The additional gold is observed electrochemically when a 
suitable redox shuttle, e.g. Ru(bipy)33+/2+ is employed (see Figure 5.4C). A very low 
concentration of Ru(bipy)32+ allows the remaining gold surface to be oxidised 
indirectly and determined. The additional current increases with the number of TiCV 
Au layers.
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Figure 5.4. (A) Cyclic voltammograms (scan rate 100 mVs'1) for the oxidation and re­
reduction of a (i) 1, (ii) 3, and (iii) 10 layer T i0 2-Au film deposit (1 cm2) immersed in 
aqueous 0.1 M phosphate buffer pH 7. (B) Plot of the charge under the characteristic gold 
reduction peak versus the number of T i02-Au layers (i) and a plot of the expected charge 
estimated based FEGSEM images (ii) (see Figure 5.2). (C) Cyclic voltammograms (scan rate 
100 mVs'1) for the oxidation and re-reduction of a 5 layer T i0 2-Au electrode immersed in 
0.1 M phosphate buffer pH 7 (i) in the absence and (ii) in the presence of 6  pM Ru(bipy)32+.
The real surface area o f  the gold nanoparticles directly connected to the electrode 
surface can be obtained by comparison o f  the voltam m etric response with those 
obtained at a 1.6 mm diam eter gold disk electrode in 0.1 M phosphate buffer (charge 
ca. 1200 pC cm '2). Based on this value the 10 layer T i0 2 -Au nanocomposite 
electrode exhibits an active gold surface o f  below 0 . 1  cm 2, a tenth o f the geometric 
surface area.
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5.3.2. The Electrocatalytic Oxidation of NO and Nitrite at Mesoporous Ti0 2  -  Au 
Nano-composite Thin Film Electrodes
The novel Ti0 2 -Au nanocomposite film electrode has a well-defined structure and is 
reconditioned after use simply by calcination at 500 °C in air. In order to explore the 
electrochemical reactivity of these film electrodes, the oxidation of nitric oxide and 
nitrite are investigated as important chemical, environmental^36^ , and biological 
analytes[37]. Nitric oxide as well as nitrite are known to undergo facile oxidation on 
gold surfaces[34] and in particular on gold nanostructures[35].
Figure 5.5 shows cyclic voltammetry data for the oxidation of 60 pM NO at a 1.6 
mm diameter gold disc electrode (curve ii) and at a 1 0  layer Ti0 2 -Au nanocomposite 
electrode (curve iv). The peak currents expected for these processes can be predicted 
based on the Randles-Sevcik expression (assuming a reversible electron transfer 
process at a uniformly accessible planar electrode^381; equation 5.1).
/ ,  = 0 A 4 6 n F A c J ^  (5.i)
In this equation the anodic peak current, /p, is related to the number of electrons 
transferred per molecule diffusing to the electrode surface, n (here n = 3 for the 
oxidation of NO to NO3), the Faraday constant, F, the electrode area, A, the 
concentration, c (here 0.06 mM) , the scan rate, v, the diffusion coefficient, D (the 
literature value is 1.9 x 1 0 * 9 m V 1 at 293 K[39]), the gas constant, R, and the absolute 
temperature, T — 295 K. For a 1.6 mm diameter gold disk electrode and for a 1 cm2 
Ti0 2 -Au electrode the predicted peak currents are 2.3 pA and 116 pA, respectively. 
The observed peak current at a 1.6 mm diameter is approximately 14 pA (estimated 
by subtracting curve i from curve ii in Figure 5.5) and therefore approximately 6  fold 
increased when compared to the expected current. The current observed at the 10- 
layer TiCVAu electrode, 670 pA, is apparently increased by a similar factor. 
However, the ratio of the gold surface signal to the nitric oxide oxidation signal is 
much more dramatic for the TiC^-Au nanostructure and therefore an enhanced
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Figure 5.5. Cyclic voltammograms (scan rate 100 mVs'1) obtained at (i, ii) a 1.6 mm 
diameter gold disc electrode and (iii, iv) a 1 cm2 10 layer T i0 2-Au electrode immersed in 
aqueous 0.1 M phosphate buffer solution. Voltammograms (i) and (iii) have been obtained in 
the absence of NO and (ii) and (iv) in the presence of 60 pM NO.
In order to further study this NO oxidation response, the oxidation o f  nitrite was 
considered. Figure 5.6A shows a set o f  voltam m ogram s obtained at a 10 layer Ti0 2 - 
Au electrode im m ersed in 0.1 M phosphate buffer solution at pH 7. The addition o f 
nitrite clearly results in a well-defined anodic current response. The peak current for 
this oxidation response (see Figure 5.6A) is only slightly lower compared to that 
expected for the 2 electron process described by equation 5.2 (based on equation 5.1, 
assum ing a diffusion coefficient o f  ca. D(NC>2 ') = 1 . 8  x 1 0 ‘9 m 2 s '1[40]).
N 0 2 "(aq) + H 20  N 0 3 '(aq) + 2 H +(aq) + 2 e (5.2)
The peak current for the nitrite oxidation (2 electron transfer) at the 10 layer TiCV 
Au electrode is approxim ately one order o f  m agnitude sm aller when compared to the 
anodic peak current for the same concentration NO oxidation (nom inally 3 electron) 
and therefore an additional process m ust be occurring. Figure 5.6B shows that this 
enhanced peak current is sensitive to the amount o f  gold present and that the increase 
in peak current is consistent with the increase in active gold nanoparticle surface
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(compare Figure 5.4A). Figure 5.6C and 5.6D demonstrate that the peak current is 
directly proportional to the concentration of NO in the aqueous phosphate buffer 
solution. In order to explain the unusually high anodic currents observed for the NO 
oxidation an additional oxidation process has to be proposed and it is plausible that 
oxygen evolution occurs as part of the process (equation 5.3 to 5.7).
NO(aq) NO(Au) (5.3)
NO(Au) * = ^  NO+(Au) + e (5.4)
NO+(Au) ■*=*■ NO+(aq) (5.5)
NO+(aq) + H20  -----► N 0 2'(aq) + 2 H+(aq) (5.6)
2 NO+(Au) + 2 OH'(Au) -«=*• 2 NO(Au) + 0 2(aq) + 2 H+(aq) + 2e‘ (5.7)
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Figure 5.6. (A) Cyclic voltammograms (100 mVs'1) obtained at a 10 layer T i02-Au 
electrode immersed in aqueous 0.1 M phosphate buffer pH 7 with addition of nitrite (60, 
120, 240, 360, 600, 1200 pM). (B) Cyclic voltammograms (scan rate 100 mVs'1) for the 
oxidation of 60 pM NO in 0.1 M phosphate buffer pH 7 at a 1, 3, and 10 layer T i02-Au 
electrode. (C) Cyclic voltammograms (100 mVs'1) obtained at a 10 layer T i0 2-Au electrode 
immersed in aqueous 0.1 M phosphate buffer pH 7 with addition of NO (6 , 12, 30, 48, 60, 
120 pM). (D) Plot of the peak current obtained at a 10 layer T i0 2-Au electrode versus NO 
concentration.
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5.3.3. The Electrocatalytic Co-Oxidation of NO and water at Mesoporous Ti02 -  Au 
Nano-composite Thin Film Electrodes
Next, a generator-collector experiment was carried out with the Ti02-Au generator 
and a 50 pm diameter platinum microelectrode (coated in Teflon) acting as the 
collector. The platinum electrode is placed in close vicinity of the 10 layer Ti02-Au 
electrode and cyclic voltammograms are recorded in the presence of 60 pM NO (see 
figure 5.1C). The potential of the platinum collector electrode is -0.5 V vs. SCE and 
a strong reduction response is observed during the anodic NO oxidation process (see 
Figure 5.7A).
In order to identify the collector response the experiment was repeated with a 
potential bias from -0.5 to +0.1 V vs. SCE (see Figure 5.7D) and from data in figure 
5.7D it can be seen that a pseudo-voltammogram for the reduction of oxygen (in the 
potential range 0.0 to -0.4 V vs. SCE) and for the reduction of protons (at potentials 
negative of -0.4 V vs. SCE) is obtained. The analysis of the peak currents is shown 
in Figure 5.7C. Anodic peak currents obtained at the Ti02-Au electrode do not scale 
with scan rate or with the square root of scan rate but the cathodic peak current 
observed at the platinum collector electrode appears to change linearly with scan 
rate.
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Figure 5.7. (A) Cyclic voltammogram (scan rate 100 mVs'1) for the oxidation of 60 pM NO 
in 0.1 M phosphate buffer pH 7 at a 10 layer T i0 2-Au generator electrode. (B) Current 
detected at a 50 pm diameter Pt (coated in Teflon) electrode in the vicinity of the T i02-Au 
electrode (see Figure 1C) with a constant potential bias of -0.5 V vs. SCE. (C) Plot of the 
peak current at the T i0 2-Au generator electrode (left axis) and at the Pt collector electrode 
(right axis) versus scan rate. (D) Plot of the peak current observed at the Pt collector 
electrode as a function of potential bias.
A further im portant insight into why the current at the Ti0 2 -Au anode is relatively 
high is obtained in a further experiment. The phosphate buffer concentration was 
varied from 0.2 M, 0.1 M, 0.05 M, to 0.02 M and in the presence o f  12 pM NO a 
dram atic change in voltamm etric response was observed (data not shown). W ith a 
lower buffer concentration the peak currents are sm aller and this implies that the 
form ation o f  protons (as observed at the collector electrode) causes a localised
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decrease in pH. The high local acid concentration then inhibits the electrode process. 
Additional experiments conducted with only gold particles immobilised on ITO in 
the absence of TiC>2 gave similar current peaks which clearly suggests that here Ti02 
acts only as an inert matrix. Experiments in the absence of phosphate buffer (in 0.1 
M NaC1 0 4 ) also allowed similar currents for the oxidation of NO on gold 
nanoparticles to be observed which indicates that phosphate anions are not directly 
involved in this process.
In order to further resolve the mechanistic details for this electrode process 
additional experimental work (e.g. employing spectroelectrochemical methods) will 
be required. However, the observation of the amplified anodic response for NO in a 
physiologically relevant environment could be of considerable value and this type of 
novel electrode may find application in sensor systems.
5.4 Conclusions
Electrostatic deposition of layered thin films of Ti02 with a Nafion® polyelectrolyte 
binder was demonstrated and the incorporation of gold nanoparticles was achieved 
with a complementary poly-(diallyldimethylammonium chloride) polyelectrolyte 
binder. After calcination mesoporous inorganic films were obtained. Although only a 
part of the gold deposit was directly electrically connected to the electrode, 
electronic conduction via gold nanoparticles was demonstrated even in a potential 
range where TiC>2 is electrically insulating. In spite of a relatively low real gold 
electrode area, a strong catalytic effect for the amplified oxidation of nitric oxide was 
observed and the process responsible identified as the co-oxidation of water.
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6. Mesoporous T i0 2 Films: Electrochemical Evidence for Heme- 
Protein Absorption, Denaturation and Demetallation
6.1 Introduction
The incorporation of biological redox systems into mesoporous films has generated 
interest due to the possibility of direct electron exchange that can be achieved 
between the redox sites in the proteins and the mesoporous host electrode. Direct 
electrochemistry of redox proteins or enzymes can provide biomimetic models for 
fundamental studies as well as a basis for designing devices without the need for 
soluble electron transfer mediators^. There has been a wide range of approaches for 
the immobilisation of biological redox systems including adsorption[2], binding into 
2D or 3D lipid structures^, covalent binding[4], cast deposition of composites[5], 
trapping in porous matrices^, or electrostatic binding into mesoporous films[7].
Hemoglobin or methemoglobin immobilized at electrode surfaces have often been 
employed as model redox systems and electrocatalysts. In studies by Rusling et 
al.[8,9] immobilization and electron transfer to hemoglobin was demonstrated. 
Siontorou et al.[10] have demonstrated the adsorption of hemoglobin into a self- 
assembled bilayer lipid membrane in order to produce a cyanide ion minisensor. The 
electrochemical properties of hemoglobin have also been investigated in clay 
films[11]’ in SiC>2 [12], Sn02[13], TiC>2 nanoparticle assemblies[14] and in DNA[15] or 
surfactant assemblies[16].
Hemoglobin is a protein molecule made up of four subunits[17]; each subunit 
containing a heme group surrounded by a polypeptide chain. The heme groups are 
the redox active centre consisting of an iron atom surrounded by a porphyrin ring, 
which is able to reversibly bind to an oxygen molecule[18]. However it is the protein 
element which surrounds the heme unit that controls the redox potential of the heme 
group and allows the oxygen binding to be reversible.
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Figure 6.1 Diagram of a heme unit with oxygen bound in the 6th position.
U nder unbound conditions the iron is in its +2 configuration but is easily oxidised to 
the +3 state, where a m olecule can bind to the iron in the sixth position in the 
porphyrin ring (see figure 6.1). Although intended for oxygen binding, CO 2 , CN’ and 
H 2 O (m ethem oglobin) also bind strongly, form ing the basis for sensor applications.
Ti0 2  phytate thin films have been studied. The cytochrom e c redox protein (diameter 
ca. 3.4 nm) adsorbed hom ogenously into the m esoporous TiC>2 film. However, the 
small pore sizes created from the 6  nm nanoparticle agglom erates o f  TiC>2 allowed 
the m uch larger hem oglobin protein (diameter ca. 6  nm) to adsorb only into the outer 
layer o f  the film [17]. It was observed that as the thickness o f  the film increased, a 
transition occurred from the hemoglobin being an electronically coupled protein to 
electronically insulated protein. Here the adsorption o f  m ethemoglobin is 
investigated by using TiC>2 films prepared with bigger 40 nm diam eter particles. The 
larger particle size should allow adsorption o f  the protein into larger pores 
throughout the film. Previously, adsorption o f hem oglobin into TiCVphytate hosts 
was carried out from a phosphate buffer solution and here initially immobilization 
was carried out under the same conditions. The films were probed electrochemically 
and perhaps surprisingly it was found that in the presence o f  phosphate protein 
denaturation and even heme demetallation are dom inant processes.
Previously the adsorption o f  hem oglobin1191 and cytochrom e c [20,21] into mesoporous
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6.2 Experimental
6.2.1 Reagents
Chemical reagents such as perchloric acid (70% A.C.S reagent), KC1, KOH, 
phosphoric acid (85% wt% solution in water, A.C.S reagent), glacial acetic acid, 
sodium acetate trihydrate, and EDTA were obtained commercially (Aldrich) and 
used without further purification. A suspension of 40 nm diameter Ti02 (anatase) 
nanoparticles was prepared from a powdered form (AMT-600, Tayca Corp, Japan) 
3%wt in dry methanol (Fisher Scientific, HPLC grade) by sonication (20 kHz 
Fisherbrand ultrasonic bath) for at least 30 minutes. Suspensions of TiC>2 in methanol 
were stable for several hours but underwent slow sedimentation (accelerated in the 
presence of water). Hemoglobin (Hb, bovine methemoglobin, H2625, from Sigma) 
was used without further purification. Unless stated otherwise, a 1 mg mL'1 Hb 
solution was prepared in aqueous 0.1 M phosphate buffer at pH 5.5. All solutions 
were prepared using deionised water with a resistivity of at least 15 M£J cm (Elga, 
High Wycombe, UK).
6.2.2 Instrumentation
Electrochemical experiments were conducted with a PGSTAT 30 Autolab system 
(Eco Chemie, Netherlands) in a conical three-electrode cell. The counter electrode 
was platinum gauze and the reference electrode was a saturated calomel electrode 
(SCE, Radiometer). The working electrodes were prepared from tin-doped indium 
oxide (ITO) coated glass (10 mm x 60 mm, resistivity 15 Q per square, Image Optics 
Components Ltd.). ITO electrodes were cleaned prior to film deposition by rinsing in 
ethanol followed by deionised water and furnace treated (Elite tube furnace) at 
500°C in air for 60 minutes. For Scanning Electron Microscopy (SEM), a JEOL 
JSM6310 system was used. UV/Vis spectra of solution and solid samples were 
obtained with a Helios y spectrometer (Thermo Electron Corp.). The temperature 
during all measurements was maintained at 22 ± 2 °C.
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6.2.3 Procedures and Electrode Design
A suspension of the nominal 40 nm Ti02 particles was achieved by preparing a 3 % 
wt solution in methanol and sonicating (see chapter section 2.2.3). A clean ITO 
electrode was then dipped into the white suspension for 1 minute, retracted, and the 
methanol was allowed to evaporate leaving behind a well-defined and uniform layer 
of Ti02. The deposition process was repeated in order to build up several layers of 
Ti02 particles. In this manner the required number of ‘layers’ of the 40 nm Ti02 
particles could be adjusted to allow variation in film thickness. The resulting film 
was then calcined in air at 500°C for 1 hour to improve adhesion and to remove 
impurities. Methemoglobin adsorption involved equilibrating the TiC>2 modified 
electrode in a solution of methemoglobin (1 mg mL'1) prepared in aqueous 0.1 M 
phosphate buffer at pH 5.5, followed by rinsing in distilled water.
6.3 Results and Discussion
6.3.1. Deposition and Characterisation of Nanoparticulate TiC>2 Film Electrodes
TiC>2 nanoparticles (anatase, ca. 40 nm diameter) were deposited from a suspension 
(3 wt.% TiC>2) in dry methanol. After immersion and solvent evaporation, tin-doped 
indium oxide (ITO) electrodes are coated with a thin and uniform layer of Ti02 
which increases in thickness during each new deposition step. Once deposited, the 
Ti0 2  nanoparticles are not re-suspended in methanol and remain permanently 
immobilized at the electrode surface. After formation of the multi-layer Ti02 film at 
the electrode surface, a calcination step (ca. 1 h at 500°C in air) was employed to 
further improve adhesion. The characteristic electrochemical reduction response of 
the immobilized Ti02 nanoparticles immersed in aqueous 0.1 M KC1 is shown in 
Figure 6.2.
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Figure 6.2 Cyclic voltammograms (scan rate 0.1 Vs'1) obtained for a 1 cm2 ITO electrode 
coated with a 1, 3, 5, and 1 0  layer films of ca. 40 nm diameter T i0 2 particles (followed by 
calcination) immersed in aqueous 0.1 M KC1.
The characteristic reduction process is predom inantly capacitive in nature[22] and 
associated with the reversible formation o f Ti(III) w ithin the porous T i0 2  film [23J. 
From the increase in the charge under the reduction response it can be seen that the 
growth o f  the T i0 2  film is approximately proportional to the num ber o f  deposition 
cycles. In order to characterize the topography o f  the nanoparticle deposit, SEM 
images were obtained. Figure 6.3 shows that rather than a thin hom ogeneous film, a 
patterned film deposit o f  aggregates o f  ca. 1 pm  diam eter is formed. Each o f  the 
aggregates consists o f  smaller TiC>2 particles with ca. 40 nm diameter.
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Figure 6.3 Scanning electron microscopy image (SEM) of a 10 layer deposit of T i0 2 
nanoparticles (calcined) at an ITO electrode surface. Due to the deposition conditions, the 
nature of the “layer” is highly non-uniform.
6.3.2 A ttem pted Im m obilization o f  M ethem oglobin in 40nm  TiC>2 Film  Electrodes
TiC>2 thin film electrodes were exposed for one hour to a solution o f  1 mg m L ' 1 
hem oglobin in aqueous 0.1 M phosphate buffer solution (pH 5.5). Under these 
conditions phosphate anions imm ediately adsorb onto the TiC>2 surface to give a 
negative surface charge[24]. The positively charged protein hemoglobin (the 
isoelectric point is approxim ately 7 .4 [2 5 >2 6 1) should then be attracted into the porous 
oxide and thereby accum ulated at the electrode surface. Figure 6.4 shows typical 
cyclic voltam m ogram s obtained with this kind o f  electrode.
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Figure 6.4 Cyclic voltammograms (scan rate 0.1 Vs'1) obtained for the reduction of 
adsorbed methemoglobin on (a) a bare ITO electrode and (b) an ITO electrode covered with 
1 layer of 40 nm diameter T i0 2 nanoparticles immersed in aqueous 0.1 M KC1. Prior to this 
experiment, electrodes were immersed in 1 mg mL' 1 methemoglobin in 0.1 M phosphate 
buffer pH 5.5 for 1 hour.
A bare ITO electrode (see Figure 6.4a) shows only a very weak and reversible 
response observed at Emjd = -0.16 V vs. SCE. In contrast, a single layer o f  Ti0 2  
nanoparticles substantially increases this current response (see Figure 6.4b) and an 
additional second reduction peak is also observed at a potential o f  ca. -0.7 V vs. 
SCE. The first reduction response is clearly present for both types o f  films. The 
quasi-reversible voltam m etric signal at Emjd = -0.16 V vs. SCE seems to be 
consistent w ith the Fe(III/II) one electron reduction o f  the hemin unit in 
m ethem oglobin[12,27]. At this point, the second reduction peak occurring at -0.7V vs. 
SCE seems also likely to be due to the Fe (III/II) couple. It is possible to speculate 
that the TiC>2 film  has structural effects on the hem oglobin m olecule, causing the 
reduction potential o f  each species to differ, how ever it is only in the following 
investigation that the true nature o f  the peaks are revealed (see section 6.3.3).
Next, the reduction responses for hemoglobin are investigated in more detail. Figure
6.5 shows cyclic voltam m ogram s obtained in phosphate buffer solution (pH 5.5) for 
TiC>2 film electrodes with (i, ii) one layer o f  T i0 2  and (iii, iv) 1 0  layers o f  TiC>2 .
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Figure 6.5 Cyclic voltammograms (scan rate 0.1 V s '1) obtained for the reduction of 
hemoglobin immobilized in a 1 layer and in a 10 layer T i0 2 film at ITO electrodes. 
Voltammograms were obtained in aqueous 0.1M phosphate buffer (pH 5.5). (A) Scan 1 of 
10 scans for a 1 layer T i0 2 film electrode. (B) Scans 2 to 10 for a 1 layer T i0 2 film 
electrode. (C) Scan 1 for a 10 layer T i0 2 film electrode. (D) Scans 2 to 10 for a 10 layer 
T i0 2 film electrode. Prior to voltammetric experiments, electrodes were immersed (1 h) in a 
solution of 1 mg mL ' 1 hemoglobin.
It is interesting to note that the m agnitude o f the voltam m etric response for process 1 
during the first potential cycle is not increased upon increasing the thickness o f  the 
TiC>2 film (see Figures 6.5i and ii). Consecutively cycling the applied potential 
causes this voltam m etric response to decrease. For the 1 0  layer TiC>2 film electrode, 
the voltam m etric signal during the first reduction for process 1 is very sim ilar to that 
observed for the 1 layer TiC>2 film electrode. However, a very strong enhancement is 
observed in potential cycle 2  which is followed by a decay o f  the signal during 
subsequent cycles.
A second reduction (Process 2) is observed at a potential o f  ca. -0.5 V vs. SCE. This 
reduction is relatively small for 1 layer Ti0 2  films but about 1 0 -fold enhanced in the
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10 layer Ti02 film electrode. For both, 1 layer and 10 layer TiC>2 film electrode, this 
reduction process is pronounced only during the first reduction and gradually 
disappears during subsequent potential cycles.
A third reduction response observed at potentials negative of -0.6 V vs. SCE (see 
Figure 6.5) can be attributed to the reversible transfer of electrons into the Ti02 host 
lattice. This process has been extensively studiedt24] and linked to the Ti(IV/III) 
redox couple at the TiC>2 nanoparticle surface.
In order to explore the ability of methemoglobin to bind, experiments were 
conducted with a set of electrodes and in a range of different concentrations of 
methemoglobin. Cyclic voltammograms shown in Figure 6.6A demonstrate the 
effect of the methemoglobin concentration on the immobilization process. An 
increase in the amount of methemoglobin immobilized in TiC>2 is observed up to ca. 
100 pM methemoglobin and is approximately consistent with a Langmuir adsorption 
isotherm (see Figure 6.6B). Next, the effect of time on the adsorption process is 
studied. For a 10 layer TiC>2 film electrode a considerable delay in adsorption is 
observed. The plot in Figure 6.6C shows that only after 10 h the process approaches 
completion (for a 10 layer film deposit). This rather slow adsorption process is not 
surprising due to the small pore size within the TiC>2 structure. It has been shown 
recently[17^ that deposits with even smaller pore size (with 6 nm diameter TiC>2 
nanoparticles) are essentially impenetrable for the methemoglobin molecules. Here, 
40 nm TiC>2 nanoparticles are employed and a pore size of typically 10-20 nm can be 
estimated.
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Figure 6 . 6  (A) Cyclic voltammograms (scan rate 0.1 V s '1) for the reduction of 
methemoglobin immobilized in a 10 layer T i0 2 film at a 1 cm2 ITO electrode immersed in 
0.1 M phosphate buffer at pH 5.5. Prior to voltammetric experiments the electrodes were 
soaked for 2 h in 60 pM, 30 pM, 15 pM, and 7 pM hemoglobin in 0.1 M phosphate buffer at 
pH 5.5. (B) Plot of the cathodic peak current observed in the first potential cycle versus the 
concentration of methemoglobin during immobilization. (C) The effect of soaking time in 15 
pM methemoglobin in 0.1 M phosphate buffer at pH 5.5 on the cathodic reduction peak 
during the first potential cycle.
M any studies have emerged in which m ethem oglobin is employed as an 
electrocatalyst. A range o f  processes from oxygen reduction^281, peroxide 
reduction1201, trichloroacetate reduction[291, and nitrite reduction 1161 have been 
observed and attributed to the electrocatalytic effects o f  the porphyrinato-IX iron 
center. It is shown here that m ethem oglobin electrostatically imm obilized into the 
TiC>2 host appears to be essentially inert toward the oxygen reduction process. 
Voltam m ogram s in Figure 6.7A and 6.7B show the first and second potential cycle 
for electrodes in de-aerated phosphate buffer solution and in the presence o f  ca. 0 . 2  
mM  oxygen. O nly process 3 (the formation o f Ti(III)) is strongly affected by the
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presence o f  oxygen. It is this inactivity towards oxygen that is the first indication o f 
a problem  occurring during the m ethemoglobin immobilization.
On
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Figure 6.7. Cyclic voltammogram (scan rate 0.1 Vs'1) for the reduction of methemoglobin 
immobilized in a 10 layer T i0 2 film electrodes and immersed in 0.1 phosphate buffer (pH 
5.5). (A) Potential cycle 1 and (B) potential cycle 2 for a 10 layer T i0 2 electrode 
(methemoglobin immobilized by soaking for 12 h 0.1 M phosphate buffer at pH 5.5) (i) in 
de-aerated and (ii) non-de-aerated 0.1 M phosphate buffer solution (pH 5.5).
6.3.3 Evidence for Protein Denaturation and D em etallation
Further investigation into the voltamm etric response for the reduction o f  
m ethem oglobin on Ti0 2  shows that not only the loss o f  hemin but also that complete 
dem etallation o f  m ethem oglobin is possible. A voltam m ogram  essentially identical 
to the m ethem oglobin response shown in figure 6.4 can be obtained by direct 
im m obilization o f  Fe3+ into the TiC>2 film. Im portantly this also shows no catalytic 
activity toward oxygen reduction. Figure 6 . 8  shows voltam m ogram s obtained after 
im m obilization o f  Fe3+ into a 10 layer Ti0 2  film electrode.
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Figure 6 .8 . (A)(i) First potential cycle and (ii) third potential cycle for cyclic
voltammograms (scan rate 0.1 V s '1) obtained for the reduction of Fe3+ immobilized in a 10 
layer T i0 2 film at ITO electrodes. Voltammograms were obtained in aqueous 0.1 M 
phosphate buffer (pH 5.5). Prior to voltammetric experiments, electrodes were immersed (1 
h) in a solution of 60 pM Fe3+ in water. (B) Cyclic voltammograms (scan rate 0.1 V s'1) 
obtained for the reduction of methemoglobin immobilized in a 10 layer T i0 2 film at ITO 
electrodes in the (i) absence (ii) presence of oxygen (air). Voltammograms were obtained in 
aqueous 0.1 M phosphate buffer (pH 5.5) containing 1 mM EDTA. Prior to voltammetric 
experiments, electrodes were immersed (1 h) in a solution of 1 mg mL' 1 methemoglobin in 
0.1 M phosphate buffer (pH 5.5) containing 1 mM EDTA. (C) Cyclic voltammograms (scan 
rate 0.1 V s '1) obtained for the reduction of methemoglobin immobilized in a 10 layer T i0 2 
film at ITO electrodes in the (i) absence (ii) presence of oxygen (air). Voltammograms were 
obtained in aqueous 0.1 M acetate buffer (pH 5.5) containing 1 mM EDTA. Prior to 
voltammetric experiments, electrodes were immersed (1 h) in a solution of 1 mg mL' 1 
methemoglobin in 0.1 M acetate buffer (pH 5.5) containing 1 mM EDTA.
In the first potential cycle a characteristic irreversible reduction at ca. -0.6 V vs. SCE 
is observed (see figure 6 .8 Ai), identical to process 2 observed in figure 6 .5A. This is 
followed by the appearance o f  a new chemically reversible oxidation and reduction 
peak at ca. -0.08 and -0.32 V vs. SCE, respectively (see figure 6 .8 Aii), identical to 
process 1 from figure 6.5A. These processes are readily explained based on the 
known redox chem istry o f  the Fe3+/2+ system under these c o n d it io n s ^ . A poorly 
water soluble FePC>4 is formed initially im m obilized on the TiC>2 surface. In the first
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reduction process (first cycle, figure 6.8Ai) electrons flow through Ti02 at 
sufficiently negative potential and Fe3(P0 4 ) 2  is formed (see equation 6.1).
Process 2: 3 Fe(P0 4 )(s) + 3e'(TiC>2) < > Fe3(P0 4 )2 (s) + P0 4 3*(aq) (6.1)
Redistribution of this more water-soluble redox system occurs during subsequent 
oxidation and FePCU is deposited directly onto the ITO electrode surface within the 
porous host. The chemically reversible process 1 can be attributed to the 
FeP0 4 /Fe3(P0 4 ) 2  redox system directly on ITO[31] (see equation 6.2).
Process 1:3 Fe(P04)(s) + 3 e’(ITO) Fe3(P04)2(s) + P 0 43'(aq) (6.2)
These results suggest a facile methemoglobin demetallation process in which 
methemoglobin in contact with the Ti0 2  film is transformed into a metal-free 
protein. This process may also involve the free hemin metal complex as a reaction 
intermediate. It has been reported in the literature^31 ] that demetallation of hemin is 
possible at pH 5.5 and in the presence of phosphate and ferritin. Further evidence of 
this is confirmed below with the addition of the complexing agent EDTA.
By carrying out the voltammetric experiment in the presence of 1 mM EDTA in 0.1 
M phosphate buffer (pH 5.5), the Fe3+/2+ redox system is removed by complexation 
after the first reduction (for both cases immobilized Fe3+ or immobilized 
methemoglobin, not shown). Methemoglobin immobilized in the presence of 1 mM 
EDTA does not lead to a voltammetric response (see Figure 6.8B) and in the 
presence of oxygen no catalytic effect is observed. In contrast, the same experiment 
conducted in acetate buffer pH 5.5 instead of phosphate buffer (see Figure 6.8C) 
does lead to an enhanced current of the oxygen reduction indicating the presence of 
hemin (or hemoglobin). Similar results were reported also for thin film electrodes 
made from TiC>2 and nano-cellulose[32^ . Based on these observation it seems likely 
that demetallation of methemoglobin occurs in the presence of phosphate (at pH 5.5) 
and in the presence of the porous host with negatively charged surface (phosphate 
binds to TiC>2 [33]). In contrast, acetate binding to the TiC>2 surface is weaker and the 
charge of the surface is probably positive preventing the demetallation process.
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6.4 Conclusions
It has been shown that Ti02 films produced from 40nm particles are stable, 
electrically conducting and therefore suitable as a mesoporous host. Accumulation of 
hemoglobin into the film was observed, but rather than direct electrochemistry of the 
protein, voltammetric responses for Fe3+ (from protein demetallation) were observed. 
Redox protein reactivity can be complex and, in particular, when in contact with 
charged surfaces processes such as structural degradation and demetallation may 
occur. Under milder conditions, immobilization from an acetate buffer solution 
shows some catalytic behaviour characteristic of bound hemin or intact hemoglobin.
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7. S n 0 2-Poly(diallyl-dimethylammonium chloride) Films: 
Electrochemical Evidence for Heme-Protein Absorption, 
Denaturation, and Demetallation
7.1 Introduction
The use of mesoporous metal oxide films as hosts for biological redox systems has 
generated widespread interest in particular for sensor applications^1,21 and new types 
of host films are continuously developed^31. These novel protein substrates combine 
the attractive properties of high surface area, optical transparency, non-toxicity, ease 
of fabrication, chemical and photochemical stability with the possibility of direct 
electron transfer between protein redox sites and the host electrode^41. The direct 
electrochemistry of immobilized proteins and enzymes is often possible in these 
films and is useful for the design of biomimetic model systems151 or as a basis for a 
range of sensing strategies^61 without the need for electron transfer mediators or 
promoters. However, proteins are very sensitive to environmental conditions and a 
change in environment could result in complex restructuring or denaturation. This 
may not be immediately obvious from the electrochemical behaviour and even 
demetallation may occur as highlighted in this report.
In the past the direct electrochemistry of heme proteins has been investigated in clay 
films171, in SiC>2[81, TiC>2 [91, ZnO[10], NiO[11], and in SnC>2 nanoparticle assemblies^121, 
in DNA[131, or in surfactant assemblies^141. Sol-gel silicate films have been developed 
to host hemoglobin for electrocatalytic reactions^15,161. Proteins have been shown to 
easily absorb into suitable nanoparticle assemblies directly from aqueous solutions, 
driven mainly by electrostatic interactions^71, and displaying high binding stability 
with apparently little denaturation. Recently, the advantages of using SnC>2 
nanoparticle assemblies were highlighted^181 in particular the higher electrical 
conductivity of Sn02 nanoparticle films when compared to that of Ti02 or ZnO 
nanoparticle assemblies. Topoglidis et al. successfully immobilized non-heme 
proteins into SnC>2 assemblies^19,201 and heme proteins with nitric oxide sensing 
capabilities into modified Sn02 assemblies^211. SnC>2 has been employed as an 
electrochemically active host for proteins such as microperoxidase-11^ 221,
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cytochromes1231, and hemoglobin^241. The presence of additives such as poly-L-lysine 
has been shown to substantially promote the binding of proteins into SnC>2 [251. SnC>2 
nanocomposites have also been successfully employed as electrodes for horse 
reddish peroxidase redox chemistry1261. In this chapter nanocomposite films of SnC>2 
nanoparticles assembled with the cationic poly(diallyl-dimethylammonium chloride) 
or PDDAC binder are investigated as an effective and electrochemically active host 
system for heme proteins. It is shown that, perhaps surprisingly, even under mild 




Chemical reagents such as perchloric acid (70% A.C.S reagent), KC1, KOH, 
phosphoric acid (85% wt% solution in water, A.C.S reagent), hemin, Fe(NC>3 )3  
hydrate were obtained commercially (Sigma-Aldrich) and used without further 
purification. Methemoglobin (Hb, bovine methemoglobin, H2625, from Sigma) was 
used without further purification. Unless stated otherwise, a 1 mg cm'3 Hb or 
cytochrome P450cam solution was prepared in aqueous 0.1 M phosphate buffer at pH
5.5 or 7. All solutions were prepared using de-ionised water with a resistivity of not 
less than 18 cm (Elga, High Wycombe, UK).
A sol of 35 wt% SnC>2 nanoparticles (nominal 15 nm diameter) was obtained either 
from Nyacol (US) or Alfa Aesar (UK). A dilute precursor sol was prepared by 
dilution of 1 cm3 of SnC>2 sol into 10 cm3 deionised water to give a 3.5 wt% sol). The 
cationomer poly(diallyl-dimethylammonium chloride) (PDDAC, Aldrich, average 
molecular weight < 100  kD, 35 wt% in water), an organic binder with quartemary 
ammonium groups, was diluted into de-ionised water to give a 0.35 wt% solution.
7.2.2 Cytochrome P450cam (CYP101) Expression and Activity Testing
A literature method was followed for the expression and isolation of cytochrome 
P450camI27]. Escherichia Coli JM109 cells were transfected with the pAW7292
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plasmid. The E. coli was grown in LB broth at 30°C for 9 hours. At 6 hours the 
media was inoculated with camphor and the temperature increased to 37°C to 
promote protein production. The cells were then harvested by centrifugation for 5 
minutes at 5000 rpm at 4°C. Each cell pellet was then re-suspended and combined in 
20 cm3 of buffer containing 40 mM potassium phosphate and 1 mM camphor, at pH 
7.4. The cells were repeatedly lysed by sonication for 1 minute and at ca. 2°C and 
centrifuged at 4°C. The resulting cell free supernatant containing the CYP101 protein 
was removed and combined. The protein was then separated on an AKTA™ system 
from Amersham Pharmacia Biotech Ltd. Supernatant was run on an SDS-PAGE gel, 
with a single band a 46.9 KDa, characteristic of CYP101 protein being used to 
identify both that the protein had been expressed and had been purified. An NADH 
consumption assay was performed to determine the activity of the expressed 
CYP101 in solution (0.1 pmol dm'3 CYP101, 250 pmol dm'3 NADH, 10 pmol dm'3 
putidaredoxin and 1 pmol dm'3 putidaredoxin reductase in 50 pmol dm'3 Tris pH 7.4 
with 2 pmol dm' camphor). The absorption peak at 340 nm, characteristic of NADH 
was followed with time on a Helios y spectrophotometer and the protein activity 
number thus calculated. An activity number of 5620 min'1 (5620 moles of NADH 
consumed / mol of CYP101 / minute) was obtained.
Cytochrome /MSOcam expression and activity testing was performed by Hayley Dash.
7.2.3 Instrumentation
Electrochemical experiments were conducted with a PGSTAT 30 Autolab system 
(Eco Chemie, Netherlands) in a conical three-electrode cell. The counter electrode 
was platinum gauze and the reference electrode was a KC1 saturated calomel 
electrode (SCE, Radiometer). The working electrodes were prepared from tin-doped 
indium oxide (ITO) coated glass (10 mm x 60 mm, resistivity 15 Q per square, 
Image Optics Components Ltd.). ITO electrodes were cleaned prior to film 
deposition by rinsing in ethanol followed by deionised water and furnace treated 
(Elite tube furnace) at 500°C in air for 60 minutes. UV/Vis spectra of solution and 
solid samples were obtained with a Helios y spectrometer (Thermo Electron Corp.). 
The temperature during all measurements was maintained at 22 ± 2 °C. An atomic
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force microscope (Digital Instruments Nanoscope III, used in contact mode) and a 
scanning electron microscope (JEOL JSM6310) were used to obtain images of SnC>2 
nanoparticle films. Prior to SEM imaging samples were gold sputter coated to 
enhanced the image quality.
7.2.4 Procedures and Electrode Design
A simple layer-by-layer dip coating technique following the Decher method[28,29] was 
used to form Sn02-polymer mesoporous nanocomposite films on ITO coated glass 
electrodes. First, the clean ITO electrodes were dipped into poly(diallyl- 
dimethylammonium chloride) (PDDAC, cationic binder, 0.35 wt% in water) solution 
to reverse the charge on the electrode and enable tin dioxide binding. They were then 
rinsed with deionised water, dried (at ca. 50 °C) before being dipped into a Sn02 sol 
(3.5wt% in water, ca. 15 nm diameter), once again washed, and then dried. Sn02 sols 
were observed to gradually lose the ability to bind to the cationic surface 
(presumably due to CO2 uptake) and therefore fresh solutions were always required. 
Each dipping step was timed to allow 60 seconds immersion. Further layers of Sn(> 2  
polymer were built up by continuing these dipping steps. Once the desired number of 
layers was achieved some of the electrodes were heat treated to remove the organic 
content (500°C, 30 minutes, Elite tube furnace).
Methemoglobin and cytochrome P450cam absorption was achieved by equilibrating 
the Sn02-poly(diallyl-dimethylammonium chloride) film electrode in a solution of 
methemoglobin (1 mg cm'3) or cytochrome P450cam (1 mg cm'3) in aqueous 0.1 M 
phosphate buffer (pH 5.5) for a minimum of 1 hour, followed by rinsing in de­
ionised water. Electrodes were stored in phosphate buffer solution pH 5.5 at 4°C in 
the dark.
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7.3 Results and Discussion
7.3.1 Deposition and Characterization of Nanoparticulate SnC>2-poly(diallyl- 
dimethylammonium chloride) Film Electrodes
Initial test experiments confirmed that continued alternate deposition of Sn0 2  
nanoparticles and poly(diallyl-dimethylammonium chloride) binder allows visible 
films to be deposited onto glass and tin-doped indium oxide (ITO) coated glass 
slides. Experimentally, a clean ITO electrode is dipped first into poly(diallyl- 
dimethylammonium chloride) (0.35 wt% in water), then rinsed with water and dried, 
dipped into Sn0 2  sol (3.5 wt% in water), and again rinsed with water followed by 
drying (see experimental section 7.2.4). Repeating this sequence leads to the gradual 
growth of a mesoporous Sn0 2 -poly(diallyl-dimethylammonium chloride) film at the 
electrode surface. In order to characterize the topology and thickness of the films 
atomic force microscopy (AFM) and scanning electron microscopy (SEM) imaging 
were employed.
Films deposited in various thicknesses and before/after heat treatment were 
characterized by AFM. The electrode surface was scratched with a scalpel prior to 
imaging in order to expose the bare electrode surface and to allow film thickness 
information to be obtained. Figures 7.1 A and 7.IB show typical images and cross 
section data obtained for 5-layer films before and after a 30 minute heat treatment at 
500 °C.
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Figure 7.1 AFM topography images and section analysis for a scratched 5-layer SnC>2- 
poly(diallyl-dimethylammonium chloride) film (A) before and (B) after heat treatment at 
500 °C for 30 minutes. The cross section analysis for the two types o f  film s shows a 
thickness o f  approximately 50 nm and 25 nm, respectively. (C) SEM image o f  a 5-layer film  
o f  Sn02-poly(diallyl-dim ethylam m onium chloride).
The AFM images confirm the formation o f a smooth and uniform film. It can be seen 
that a five layer deposit o f the S n0 2 -poly(diallyl-dimethylammonium chloride) film 
has a thickness o f approximately 50 nm (see Figure 7.1 A cross section). Doubling 
the number o f deposition cycles leads to doubling o f the thickness. The increase in 
thickness is therefore approximately linear with 10 nm per layer. The heat treated 5- 
layer film (with all organic components removed) shows much clearer outline o f the
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particulate components and a reduced purely inorganic SnC>2 film thickness of 
approximately 25 nm (Figure 7. IB). The removal of the polymer binder by heat and 
some particle sintering (which becomes more significant during prolonged treatment 
at 500 °C) results in a loss of approximately 50% of the film volume.
For a film with a 5-layer nanocomposite deposit, SEM images (see Figure 7.1C) 
clearly show a highly uniform coating with SnC>2 nanoparticles bound by 
poly(diallyl-dimethylammonium chloride). Individual particles of nominal 15 nm 
diameter are not fully resolved but the uniform mesoporous structure is revealed.
7.3.2 Voltammetric Characterisation of Nanocomposite Sn0 2 -poly(diallyl- 
dimethylammonium chloride) Film Electrodes
Figure 7.2 shows typical cyclic voltammetry responses for ITO electrodes coated 
with a film of Sn0 2 -poly(diallyl-dimethylammonium chloride) (or Sn0 2 -PDDAC) 
immersed in aqueous 0.1 M phosphate buffer solution. Figure 7.2A shows the 
reduction and re-oxidation of a 10-layer Sn0 2 -PDDAC film in comparison to the 
background response obtained with a clean ITO electrode. It can be seen that a 
nearly symmetric (reversible) charging-discharging current commences at ca. -0.4 V 
vs. SCE (see Zone 2). At potentials negative of ca. -0.8 V vs. SCE the process 
becomes chemically irreversible presumably due to the onset of hydrogen evolution. 
Figure 7.2B demonstrates that the voltammetric currents associated with the 
reduction and re-oxidation of the Sn0 2  deposit scale with the amount of deposit (or 
the thickness of the film). Increasing the scan rate causes an increase in the current 
response (see Figure 7.2C) and reveals a further weaker charging current 
commencing at ca. -0.1 V vs. SCE (see Zone 1). The current in this region is likely 
to correspond to more highly solvated SnC>2 sites at the surface of the nanoparticles. 
These current responses are consistent with n-type semiconducting behaviour 
(similar to TiO2 [30]). However, electrically conducting characteristics due to surface 
states can be expected probably even within the positive potential range. This is 
consistent with literature reports on the properties of SnC>2 films131] and protein 
modified SnC>2 films[32].
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Figure 7.2 (A) Voltammograms (scan rate 0.1 Vs'1) obtained for a 1cm2 ITO electrode 
coated with a (i) 0-layer and (ii) 10-layer Sn02-PDDAC film and immersed in 0.1 M 
phosphate buffer pH 5.5. (B) Cyclic voltammograms (scan rate 0.1 V s'1) obtained for a 1 
cm2 ITO electrode coated with (i) 1, (ii) 3, and (iii) 10 layers of Sn02-PDDAC 
nanocomposite and immersed in aqueous 0.1M phosphate buffer at pH 5.5. (C) Cyclic 
voltammograms (scan rates (i) 0.02, (ii) 0.05, (iii) 0.1, and (iv) 0.2 Vs'1) obtained for a 5- 
layer Sn02-PDDAC film immersed in 0.1 M phosphate buffer at pH5.5. (D) Cyclic 
voltammograms (scan rate 0.1 Vs'1) obtained for a 5-layer Sn02-PDDAC film electrode 
immersed in 0.1M phosphate buffer solution at (i) pH 8.5, (ii) pH7.0, and (iii) pH 5.5.
In Figure 7.2D the effect o f  the pH on the voltam m etric response is demonstrated. 
The reduction signal is shifted to more negative potentials in m ore alkaline solution
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as expected for a process involving the uptake of protons during reduction or 
charging of SnC>2 . Overall, these reduction responses are consistent with a process 
involving a reversible charging of the Sn0 2  film in a process tentatively assigned to 
the mechanism described as in equation 7.1.
[Sn02]n + e + H+(aq) {[Sn02]„-H+} (7.1)
It is interesting to explore the number of electrons injected into the SnCV 
poly(diallyl-dimethylammonium chloride) film per Sn0 2  nanoparticle at a given 
potential. From the AFM thickness data the number of particles in a 10-layer deposit 
of Sn0 2 -PDDAC can be estimated as 4 x 1012 particles (per cm2). By comparison 
with the charge under the voltammetric signals the number of electrons transferred 
per SnC>2 nanoparticle can be obtained. The area shaded gray in Figure 7.2A 
corresponds to a charge consistent with approximately 50 electrons per SnC>2 
nanoparticle which is reasonable considering the considerably higher number of 
surface Sn atoms per particle (ca. 104). Next, the effects of additional protein based 
redox centers immobilised into the SnCVPDDAC film are investigated.
7.3.3 Attempted Immobilization and Reactivity of Methemoglobin in Sn0 2 -  
poly(diallyl-dimethylammonium chloride) Nanocomposite Film Electrodes
The diameter of the SnC>2 nanoparticles, nominal ca. 15 nm, is suitable for the 
formation of pores and the immobilization of a high molecular weight protein such 
as hemoglobin or methemoglobin (the Fe(III) form of hemoglobin) with a molecular 
weight of ca. 6 8  kD and an approximate diameter of 55 A[33,34]. Hemoglobin consists 
of four subunits each of ca. 17 kD and dissociation into dimers or monomer subunits 
has been observed for example in the presence of high applied pressures or with 
suitable allosteric effectors[35]. It has been proposed recently that mesoporous films 
made from small 6  nm diameter TiC>2 nanoparticles inhibit the absorption of large 
hemoglobin proteins[36].
Figure 7.3A shows typical cyclic voltammograms obtained for SnCVPDDAC film 
modified electrodes after immobilization of methemoglobin (the electrode was 
immersed for 24h in 15 pM methemoglobin in aqueous 0.1 M phosphate buffer pH
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5.5) immersed in aqueous 0.1 M phosphate buffer pH 5.5. A well defined reduction 
-  reoxidation response is observed at a potential of -0.25 V vs. SCE and the 
symmetry of the signal suggests facile electron transfer and transport within the 
mesoporous host film. The apparently effective adsorption of the protein into the 
mesoporous film appears remarkable due to the (in average) positive total charge on 
both mesoporous structure and protein at pH 5.5. The immobilization of 
methemoglobin into calcined SnC>2 also appears to occur (data not shown) giving a 
very similar voltammetric response.
Changing the thickness of the SnC>2-PDDAC film at the electrode surface allows the 
effectiveness of the process to be confirmed. Figure 7.3B shows the linear increase 
of the charge under the apparent methemoglobin re-oxidation peak as a function of 
layers deposited (or film thickness). The charge under the voltammetric response is 
surprisingly high (it suggests the uptake of ca. 60 methemoglobin molecules per 
SnC>2 nanoparticle within the film) and this is the first indication of a problem during 
the methemoglobin immobilisation.
133





E f V v s .  SCE
-0.5
Number o f Layers
lOO-i
-200 J
0.0 0.5- 1.0 -0.5








E I V  vs. SCE
15 30 45 60
Concentration / pM
Figure 7.3 (A) Cyclic voltammograms (scan rate 0.1 Vs'1) obtained for the reduction and re­
oxidation of absorbed methemoglobin on an ITO electrode coated with 1, 3, 5, and 10 layers 
of Sn02-PDDAC nanocomposite and immersed in aqueous 0.1 M phosphate buffer at pH5.5. 
(B) Plot of the charge under the reduction peak, QPeak, versus the number of Sn02-PDDAC 
layers deposited at the electrode surface. (C) Cyclic voltammograms (scan rate 0.1 Vs'1) 
obtained for the reduction of absorbed methemoglobin in a 5-layer Sn02-PDDAC 
nanocomposite film immersed in aqueous 0.1 M phosphate buffer pH 5.5. The 
methemoglobin absorption was carried out in a 15 pM solution in 0.1 M phosphate buffer 
pH5.5 for 1, 2, 4, and 17 hours. (D) Plot of the charge under the peak versus absorption time 
(the line corresponds to a diffusion process with Dniethemogiobin = 4 x 1 0 ' 20 m V 1, see text). (E) 
Cyclic voltammograms (scan rate 0.1 Vs'1) obtained for the reduction and re-oxidation of 
absorbed methemoglobin in a 5-layer Sn02-PDDAC nanocomposite film immersed in 
aqueous 0.1 M phosphate buffer pH 5.5. Methemoglobin absorption was carried out in 1.5 
pM, 7.5 pM, 15 pM, 30 pM, 60 pM methemoglobin solution (0.1 M phosphate buffer pH5.5 
for 17 hours). (F) Plot of the charge under the oxidation peak versus the methemoglobin 
concentration during absorption.
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UV/Vis-spectroelectrochemical experiments were conducted in order to assess the 
effect of the SnOz-PDDAC environment on the protein and weak absorption changes 
at ca. 415 nm (not shown) appeared to confirm the presence of electrochemically 
active methemoglobin. Next, the time and concentration dependence of the 
methemoglobin absorption process are investigated. An experiment was conducted 
in which the uptake of methemoglobin into a 5-layer SnCVPDDAC film was 
monitored with time. Figure 7.3C shows a typical set of voltammetric responses 
obtained as a function of absorption time and in Figure 7.3D the increase in the 
charge under the voltammetric peak is plotted versus time. The limit of 
approximately 100 pC is reached only after ca. 24h consistent with slow uptake of 
protein into the film. If protein diffusion is assumed to be the rate determining step
9 0  9this corresponds to an estimated diffusion coefficient of Anethemogiobin = 4 x 1 0 ' m s ' 
\  In order to explore the effect of the methemoglobin concentration during 
absorption on the immobilization process, the protein concentration was gradually 
varied from 1.5 pM to 60 pM. The data and plot shown in Figure 7.3E and 7.3F 
show the characteristic behaviour roughly consistent with a Langmuir-type isotherm 
with the approximate binding constant K -  2 x 105 M '1.
Voltammetric data presented up to this point seem to support the reversible electron 
transfer to hemoglobin immobilized within the mesoporous SnCVPDDAC host. 
However, similar experiments conducted with only Fe3+ in low concentration in the 
deposition solution (in the absence of any protein) result in essentially identical 
voltammetric responses. In order to distinguish between Fe3+ bound to the Sn0 2  
surface and hemoglobin immobilized within the mesoporous host, experiments were 
conducted in the presence of ethylenediaminetetraacetic acid (EDTA). Figure 7.4 
shows typical cyclic voltammograms obtained in the presence of 1 mM EDTA. The 
peak response rapidly decreases for both the methemoglobin (Figure 7.4A) and Fe 
(Figure 7.4B). The remaining reversible voltammetric response is likely to be 
associated with Fe3+ bound strongly and irreversibly to the SnC>2 surface. In order to 
explain the above data a sequence of protein immobilization, demetallation, and iron 
removal seems likely. The demetallated methemoglobin protein may remain bound 
to the SnC>2-PDDAC film. Immobilisation of methemoglobin in the presence of 
EDTA results in featureless voltammograms consistent with those shown in Figure 
7.2.
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Figure 7.4 (A) Cyclic voltammograms (scan rate 0.1 V s'1) obtained for the reduction of 
absorbed methemoglobin (absorption from 15 pM methemoglobin in 0.1 M phosphate buffer 
pH5.5 for 24 h) in a 5-layer Sn02-PDDAC nanocomposite film immersed in aqueous 0.1 M 
phosphate buffer pH 5.5 in the presence of 1 mM EDTA. (B) Cyclic voltammograms (scan 
rate 0.1 Vs'1, (i) 1st cycle and (ii) 10th cycle) obtained for the reduction of absorbed Fe3+ 
(absorption from ca. 60 pM Fe3+ in 0.1 M phosphate buffer pH5.5 for 24 h) in a 5-layer 
Sn02-PDDAC nanocomposite film immersed in aqueous 0.1 M phosphate buffer pH 5.5 in 
the presence of 1 mM EDTA.
It can be concluded that what appeared to be a reduction -  reoxidation process for 
m ethem oglobin is actually likely to be a Fe3+/2+ redox system (in the presence o f 
phosphate [37]) probably formed after adsorption o f  the protein into the mesoporous 
film and by im m obilization o f  Fe3+ at the SnC>2 surface (see equation 7.2).
Fe(III)P 0 4 (Sn 0 2  surface) + e ‘ <  > 1/3 Fe3 (II)(P 0 4 )2 (Sn 0 2  surface) + 1/3 P 0 43'
(7.2)
The fact that dem etallation o f  methemoglobin occurs in particular at pH 5.5 and in 
the presence o f  phosphate is consistent with observations in T i0 2 -cellulose film s[38] 
and has been highlighted previously for a related process in ferritin[39l  However, 
further experim ental work will be required to further resolve the fate o f
-1.0 ^ 5  0 0  0 5
E / V  vs.SCE
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m ethem oglobin in SnCVPDDAC films and the effect o f  the reaction conditions (pH, 
ionic strength, electrolyte composition, etc.). The problem  o f  distinguishing intact 
imm obilized redox proteins and partially or fully denatured redox proteins has been 
emphasized recently[40]. The use o f  EDTA to sequester “free” Fe3+/2+ could provide a 
chemical test for dem etallation processes.
7.3.4 A ttem pted Im m obilization and Reactivity o f  Cytochrom e P450cam (CYP101) in 
Sn0 2 -poly(diallyl-dim ethylam m onium  chloride) Film  Electrodes
Cytochrom e P450s represent an enorm ously extended and versatile group o f  redox 
proteins with very im portant biological functions in hydroxylation and drug 
metabolism^411. It has been proposed that im m obilization o f  cytochrome P450 
systems in redox active films at electrodes could lead to new insights into their 
reactivity and function with applications in novel specific sensor devices1421. In this 
study cytochrom e P450cam was absorbed into Sn 0 2 -PDDAC nanocomposite 
electrodes from a 0.1 M phosphate buffer pH  5.5 solution containing 17 pM 
cytochrom e P450cam. The structure o f  P450caiT1 is know n 143,44,451 and the protein has a 
m olecular weight o f  about 50 kD with an approxim ate diam eter o f  4-5 nm. In buffer 
solution at a pH  o f  5.5 the protein is expected to behave sim ilarly to the 
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Figure 7.5 (A) Cyclic voltammograms (scan rate 0.1 Vs'1) obtained for the reduction and re-
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oxidation of immobilised cytochrome P450cam on an ITO electrode coated with (i) 1, (ii) 3, 
and (iii) 5 layers of Sn02-PDDAC nanocomposite film (the protein was immobilised by 20 h 
accumulation from a 17 pM cytochrome P450cam solution in 0.1 M phosphate buffer pH 5.5) 
immersed in aqueous 0.1 M phosphate buffer pH7. (B) Plot showing the effect of the 
number of Sn02-PDDAC layers on the charge under the reversible voltammetric signal. (C) 
Plot of the charge under the voltammetric signal versus the concentration of cytochrome 
P450 during accumulation into a 5-layer Sn02-PDDAC film. (D) Plot of the charge under 
the voltammetric peak versus the accumulation time.
Figure 7.5 shows typical voltammetric responses observed for the reduction and re­
oxidation of cytochrome P450cam accumulated within the Sn0 2 -PDDAC 
nanocomposite film, with a midpoint potential of -0.28 V vs. SCE. The voltammetric 
signal is approximately 40 times smaller when compared to the corresponding 
methemoglobin signal (see Figure 7.3) but otherwise very similar. From the 
voltammetric responses it can be seen that the increase in film thickness is correlated 
to the corresponding increase in charge for the protein reduction and re-oxidation 
(see Figure 7.5B). Figure 7.5C shows a plot of the charge under the voltammetric 
signal for immobilized cytochrome P450cam as a function of the protein solution 
concentration during accumulation. The estimated Langmuirian binding constant 
(estimated from the point of half coverage) is approximately K  = 2 x 105 M '1. Next, 
the effect of the accumulation time is considered. Figure 7.5D demonstrates that for 
a 5-layer SnCVPDDAC film the protein accumulation goes to completion after 
approximately 20 hours. Due to the similarity in the voltammetric signal it is again 
likely that Fe released from the protein is detected rather than the intact protein.
In order to explore and contrast the reactivity of methemoglobin, cytochrome
^ |
-P450cam, Fe and hemin immobilised in SnCVPDDAC nanocomposite films, 
voltammetric experiments in the presence and in the absence of oxygen were 
conducted. Hemin, the prosthetic group in heme proteins, is known to effectively 
catalyse the reduction of oxygen[46,47].
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Figure 7.6 (A) Cyclic voltammograms (scan rate 0.1 Vs'1) obtained for the reduction of 
absorbed hemoglobin (absorbed from 15 jiM Hb solution, 17 hours) in a 5-layer Sn02- 
PDDAC nanocomposite film with (ii) and without (i) oxygen present in 0.1M pH5.5 
phosphate buffer solution. (B) Cyclic voltammograms (scan rate 0.1 Vs'1) obtained for the 
reduction of absorbed cytochrome F450Cam (absorbed from 12pM /^O ^ m  solution, 17 
hours) in a 5-layer Sn02-PDDAC nanocomposite film with (ii) and without (i) oxygen 
present in 0.1 M pH5.5 phosphate buffer solution. (C) Cyclic voltammograms (scan rate 0.1 
Vs'1) obtained for the reduction of absorbed hemin (absorbed from 60pM hemin in 0.1 M 
carbonate buffer pH 9, 17 hours) in a 5-layer Sn02-PDDAC nanocomposite film with (ii) 
and without (i) oxygen present in 0.1 M pH5.5 phosphate buffer solution.
Figure 7.6 shows cyclic voltammograms for the reduction o f  (A) m ethem oglobin and 
(B) cytochrom e P450cam compared (ii) in the presence and (i) in the absence o f  
oxygen (ca. 0.2 mM  oxygen in phosphate buffer pH 5.5). In both cases it can clearly 
be seen that the original reduction and re-oxidation responses for the immobilized 
Fe3+ (after protein demetallation) are not affected (see Process 1). The reduction o f  
oxygen occurs in both cases as a separate irreversible redox system at a potential o f
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ca. -0.5 V vs. SCE (Process 2). In the absence of protein and using a Fe3+-modified 
5-layer SnCVPDDAC film electrode the same voltammetric features are observed 
(not shown). Finally, with hemin directly immobilized into the SnCVPDDAC film 
the catalytic reduction of oxygen is clearly observed (see Figure 7.6C).
In conclusion, demetallation of both methemoglobin and cytochrome F^Oca™ 
appears to dominate the electrochemical responses after the attempted 
immobilization into SnCVPDDAC films and meaningful information about the 
redox properties of the proteins has not been obtained. A major factor in the 
demetallation process appears to be the presence of charged surfaces e.g. the SnCV 
PDDAC host. However, more details about the effects of the reaction conditions on 
the denaturation processes will be required.
7.4 Conclusions
In this study it has been shown that SnCVPDDAC films produced in a layer-by-layer 
deposition procedure are electrochemically active and electrically conducting and 
therefore suitable as mesoporous hosts. Accumulation of heme proteins into the 
films has been observed, however, rather than direct electrochemistry of the protein, 
voltammetric responses for immobilized Fe3+ (from protein demetallation) have been 
observed. The reactivity towards oxygen and EDTA allows protein, hemin, and Fe3+ 
based redox processes to be distinguished. The question of why facile demetallation 
occurs for heme proteins but not for hemin remains open.
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8. Electrochemical Characterisation of T i0 2 Nanotubes
8.1 Introduction
Titanium dioxide is a commercial material with diverse applications*11. Titanium 
dioxide occurs in different structural types and can be engineered into many different 
forms such as nanoparticles, exfoliated nano-sheets*2,31, nano-fibers*41, sol-gels*51, 
surfactant-templated structures*61, and nanotubes*71. T i0 2 nanotubes are a novel and 
structurally organised nanosized material which are synthesised under alkaline 
hydrothermal conditions*81. In this synthesis the starting material, anatase, is partially 
dissolved into sheets, which are then proposed to fold back into nanotube-like 
structures due to the asymmetric distribution of hydrogen*91 or because of mechanical 
tensions arising during dissolution-crystallisation*101. By varying the synthesis 
conditions (temperature, T i0 2 concentration, pH) the process can be controlled to 
give nanotube materials with differing diameters and degrees of porosity1101. The 
resulting nanotube material when treated with acid may be structurally described as 
monoclinic titanate H2Ti3 0 / 11] which implies the presence of labile protons and 
cation exchange capability112,131. Due to the unusual nanotubular structure and the 
interesting physicochemical properties of T i0 2 nanotubes, there are many possible 
applications emerging including gas adsorption*141, as a substrate for catalysis115,161, 
in battery materials117,18,191, in dye-sensitised solar cells*201, as a hydrogen gas 
sensor*211, and in photocatalysis*22,231.
The electrochemical properties of T i0 2 nanotubes can be expected to be very similar 
to those of mesoporous films of T i0 2 nanoparticles*241 despite the fact that optical 
properties are different due to the quantum size effects*251. Relatively little 
electrochemical information is available about the T i0 2 nanotubes and it is shown 
here that electrochemical experiments with deposits of T i0 2 nanotubes immobilised 
onto boron-doped diamond substrates can be readily conducted. In this manner 
electron transfer and conductivity, as well as adsorption of redox active cations onto 
the nanotube surface can be assessed and quantified.
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In this chapter experiments are described in which both TiCh nanotubes and Ti0 2  
nanoparticles are immobilised by suspension evaporation onto an inert boron-doped 
diamond electrode and immersed into aqueous electrolyte solutions. Voltammetric 
experiments demonstrate very similar characteristics for the Ti(IV/III) redox system 
in both forms of TiC>2 . In contrast, adsorption of cations in neutral media is shown to 
be efficient only for Ti0 2  nanotubes. The number of cation binding sites is compared 
to the number of replaceable protons in the Ti0 2  nanotube structure. Binding is 
demonstrated to be very effective for the redox protein cytochrome c which is 
immobilised in electrochemically active form.
8.2 Experimental
8.2.1 Chemical Reagents
Medola’s blue (Aldrich), phytic acid (wyo-insitolhexakis(dihydrogen phosphate) 
dodecasodium salt hydrate), perchloric acid (70% A.C.S reagent), NaC1 0 4 , NiNCb, 
NaOH (all Aldrich), ethanol (Fisher Scientific, HPLC grade), cytochrome c (Sigma) 
were obtained commercially and used without further purification. TiC>2 nanoparticle 
sol (ca. 6  nm diameter, anatase, 30-35% in aqueous HNO3 , pH 0-1, TKS-202) was 
obtained from Tayca Corporation Japan. Both the TiC>2 nanoparticles and TiC>2 
nanotubes were prepared by sonication (20 kHz Fisherbrand ultrasonic bath) as 3 % 
wt aqueous suspensions. All solutions were prepared using deionised water with a 
resistivity of not less than 15 cm.
8.2.2 Instrumentation
Electrochemical experiments were conducted with a PGSTAT 30 Autolab system 
(Eco Chemie, Netherlands) in a 100 mL three-electrode cell. The counter electrode 
was platinum gauze and the reference electrode was a saturated calomel electrode 
(SCE, Radiometer). Polycrystalline boron-doped diamond with a mirror finish polish 
(mineral acid treated, doping level ca. 102 0  cm'3, Windsor Scientific, Slough, UK) 
was obtained in the form of plates (5mm x 5mm x 0.6mm) for electrochemical 
experiments (mounted with silver epoxy back contact in epoxy) and in the form of 3 
mm diameter disks (for SEM imaging experiments). Zeta potential measurements
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were obtained with a ZetaPlus Zeta Potential Analyser (Brookhaven Instruments 
Corporation) using the ZetaPals method. Zeta potential values were reported after 
calculation using the Smoluchowski equation. Average electrophoretic mobilities 
were determined ( 1 0  cycles per run) in disposable plastic curvettes ( 1 0 mm path 
length), each sample was run 10 times. The aqueous solution was thoroughly de­
aerated with argon (Pureshield, BOC) prior to conducting experiments. Experiments 
were conducted at 22 ± 2°C. For Field Emission Gun Scanning Electron Microscopy 
(SEM) a Leo 1530 system was used. Samples were prepared by scratching (to reveal 
a film cross section) and gold sputter coating prior to analysis. The BET area and 
BJH pore size distribution of the samples was measured, using nitrogen adsorption, 
on a Micromeritics ASAP 2010 instrument.
8.2.3 TiC>2 Nano tube Synthesis
TiC>2 nanotubes were prepared following a literature procedure[10l  Briefly, 2 0  g of 
titanium dioxide (anatase) was added to 300 mL 10 M NaOH solution and heated for 
22 hours at 140 °C in a Teflon linen autoclave. The white, powdery TiC>2 was 
thoroughly washed with water then with 0.05 M H2 SO4 , followed by vacuum-drying 
at 80 °C. (All TiC>2 nanotubes used in this thesis were prepared by Dmitry Bavykin).
8.3 Results and Discussion
8.3.1 Characterisation of TiC>2 Nanotubes
TiC>2 nanotubes are grown from a TiC>2 precursor under alkaline hydrothermal 
synthesis conditions. Figure 8.1 A shows a typical SEM image of the tubular material 
with an outer tube diameter of typically 8 - 2 0  nm, inner diameter of 3 - 5  nm, and a 
tube length of up to several microns. These nanotubes have been found to possess a 
high surface area (BET: ca. 150 m2 g*1), porosity (BJH pore volume: ca. 0.41 cm3 g' 
]) and a structure related to H2Ti30 7 or Na2Ti2 0 4 (0 H) 2 or H2Ti4 0 9 'H2 0 [261 rather 
than that of the starting material anatase. This change in structure and the availability 
of labile cations dramatically changes the surface characteristics and the ability of 
the TiC>2 nanomaterial to bind cations from solution.
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In order to use well defined amounts o f T i0 2  nanotubes for deposition onto boron- 
doped diam ond surfaces, first an aqueous suspension was formed. The material is 
readily suspended (3 weight%  in distilled water) in the presence o f  ultrasound. 
However, the nanotube material is m echanically fragile and sm aller tube fragments 
are obtained after sonication. Figure 8 . IB  shows a typical image o f  a T i0 2  nanotube 
deposit form ed by evaporation o f  suspension onto a flat boron-doped diamond 
electrode surface. The diam ond surface is featureless and the TiC>2 nanotubes form a 
disordered thin layer with each tube being approxim ately 1 0 0  nm  to 2 0 0  nm  in 
length and typically 10 nm in diameter. The diam eter appears slightly w ider due to a 
thin gold coating applied prior to imaging. However, m ore accurate values have been 
determ ined by TEM .
Figure 8.1 SEM images of (A) as grown T i0 2 nanotubes and (B) T i0 2 nanotubes treated 
with ultrasound and deposited from aqueous solution.
In contrast to TiC>2 (anatase) nanoparticles which are positively charged in neutral 
m edia (p.z.c. ca. 6 [27]) and readily interact with negatively charged surfaces or ions, 
TiC>2 nanotubes from alkaline hydrothermal synthesis are negatively charged and 
interact with cationic species. The reason for this distinctive behaviour is the
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presence o f  cation binding sites which have form ed during hydrothermal synthesis in 
the presence o f  NaOH (incorporation o f Na+). For the suspension in water the zeta 
potential can be determ ined as -43 mV (pH 8 ). By adjusting the pH with NaOH and 
H 2 SO 4 a zeta potential o f  -37 mV (pH 11.5) and +7 mV (pH 2.3) were determined, 
respectively. Therefore the average point o f zero charge o f  ca. 3 can be estimated in 
agreem ent w ith a m aterial which is negatively charged over m ost o f  the pH range. In 
order to further quantify the num ber o f  acidic sites in the structure a titration curve 
was recorded w ith 0.05 M NaOH (see Figure 8.2). It can be seen that the protons in 
the Ti0 2  nanotube structure can be gradually replaced. At pH 7 approxim ately 2 x 
1 0 ' 3 mol g ' 1 are consum ed to replace acidic protons in the structure (corresponding to 
25%  o f  all protons in ^ T iaO y ) and the process continues in more alkaline solution. 
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Figure 8.2 Plot o f the titration curve for (ii) the blank and (i) 0.1 g T i0 2 nanotubes dispersed 
in water. Data provided by Dmitry Bavykin.
A considerable am ount o f  labile protons and binding sites for cations exist and it is 
interesting to explore the ability o f  cations to bind to this T i0 2  nanotube surface. 
Only a fraction o f  the labile protons will be available at the surface as electrostatic 
cation binding sites and this num ber can be determ ined via voltammetric 
m easurem ents and for several types o f  cations.
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8.3.2 Electrochem ical Characterisation o f  TiC>2 N anotubes Deposited onto Boron- 
Doped Diam ond Electrodes
After deposition o f  the TiCh nano tubes or TiC>2 (anatase) nanoparticles onto a 
suitably inert electrode surface such as boron-doped diam ond, a characteristic 
reduction response can be observed in voltam m etric experim ents (see Figure 8.3). 
Deposits o f  anatase nanoparticles on polished boron-doped diam ond immersed in 
aqueous 0.1 M  N aC 1 0 4  / 2 mM  HCIO 4 are shown to exhibit a reduction comm encing 
at a potential o f  ca. -0.7 V vs. SCE (see Figure 8.3A). The process is associated with 
a Ti(IV/III) type reaction and conduction o f  electrons through the oxide[28]. Figure 
8.3A shows voltam m etric responses for the reduction o f  different amounts o f  TiC>2 
imm obilised at a 25 x 10‘6 m 2 electrode at a scan rate o f  lOOmVs"1. A 
characteristically shaped signal is observed consistent with a reversible transfer o f  
electrons from the electrode to anatase accom panied by adsorption o f  protons. For a 
higher surface coverage with TiCh nanoparticles the voltam m etric response increases 








E/ Vv s .  SCE
Figure 8.3 Cyclic voltammograms (scan rate 100 mVs'1) for the reduction of (A) T i0 2 
nanoparticles and (B) T i0 2 nanotubes immobilised at boron-doped diamond electrodes and 
immersed in 0.1 M NaC104 / 2 mM HCIO4 for (i) 15 pg, (ii) 30 pg, (iii) 45 pg, and (iv) 60 
pg deposit.
For a deposit o f  Ti0 2  nanotubes a sim ilar electrochem ical response is obtained 
compared to that for anatase. Figure 8 . 1  shows SEM  images o f  the TiC>2 nanotubes 
on boron-doped diam ond deposited in a highly non-uniform  way. This non-
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uniform ity o f  the deposit as well as some loss due to m aterial dislodged from the 
surface is believed to cause some irreproducibility. However, the Ti(IW III) reduction 
is clearly observed. The voltamm etric response observed in aqueous 0.1 M N aC 1 0 4  / 
2 m M  HCIO 4 appears less reversible (see Figure 8.3B) w hen com pared to the 
response observed for anatase nanoparticles (see Figure 8.3A). The drawn-out shape 
o f  the voltam m etric signal m ay be attributed to a slow transfer o f  electrons between 
boron-doped diam ond substrate and TiC>2 rather than to an intrinsic property o f  the 
TiC>2 nanotubes. Sim ilar experiments conducted with tin-doped indium oxide (ITO) 
electrodes rather than boron-doped diamond substrates also show very sim ilar and 
almost reversible behaviour for both materials, nanoparticles and nanotubes (not 
shown). In summ ary, at a potential where Ti(IV/III) reduction occurs TiC>2 nanotubes 
exhibit an electrochem ical reactivity similar to that o f  anatase. However, the ability 
o f  TiC>2 nanotubes to bind cations is dram atically different when compared to 
anatase. Next, the ability o f  TiC>2 nanotubes to adsorb cations (in contrast to anatase 
which binds anions) will be explored further.
8.3.3 Adsorption and Electrochem istry o f  M edola’s Blue at T i0 2  Nanotube Surfaces
The redox m ediator 2^ 9 ,30 ,311 and dye M edola’s blue has been used previously to 
m odify electrodes. M eldola’s blue has been used successfully in the design o f  an 
am perometric sensor for glucose[32] and for N A D H [33] determinations. M eldola’s 
blue is a cation in the oxidised (coloured) state and readily adsorbs onto negatively 
charged surfaces[34]. Electrochemical studies show that in aqueous m edia M edola’s 
blue undergoes a two-electron reduction and shows a stable and reversible signal at 
pH dependent potential[35l  The reduced form o f  M eldola’s blue is protonated with a 
pKA o f  approxim ately 5 (see figure 8.4).
Figure 8.4 Schematic showing oxidation states of Medola’s blue.
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Medola’s blue dissolved in water readily adsorbs onto negatively charged Ti02 
nanotube surfaces (immobilised at boron-doped diamond surfaces) but does not 
adsorb onto positively charged Ti02 nanoparticles. Figure 8.5 shows typical 
voltammetric responses (10 continuous potential cycles) for the reduction of 
Meldola’s blue adsorbed onto 1.5 pg TiCb nanotubes and immersed in (A) aqueous 
0.1 M NaC1 0 4  and (B) 0.1 M NaClCV 0.002 M HCIO4. During the reduction a well 
defined response is observed. Overall the reduction is accompanied by some loss of 
the reduced form of Meldola’s blue from the surface during continuing potential 
cycling. This effect is less significant in the presence of protons due to the positive 
charge which is maintained after reduction in the presence of acid (see Figure 8.5B).
In order to quantify the adsorption process and to carry out surface charge 
measurements, the adsorption of the Medola’s blue onto the TiC>2 nanotubes was 
investigated in more detail. The effect of varying the amount of Meldola’s blue on 
the electrode surface is shown in Figure 8.5C. The amount of TiC>2 nanotubes clearly 
changes the magnitude of the voltammetric response but for deposits of more than 5 
pg the effect becomes non-linear. The error in measurements is mainly due to the 
non-uniformity of the deposit. From the plot in Figure 8.5D it can be seen that the 
surface coverage of TiC>2 nanotubes with Meldola’s blue is approximately 7 x 10'5 
mol g'1.
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Figure 8.5 (A) Cyclic voltammograms (scan rate 100 mV s'1) for 1.5 pg nanotubes 
immobilised on boron-doped diamond, immersed in 2 mM Medola’s blue, and transferred to 
0.1 M NaC104. (B) Voltammograms as in (A) but transferred into 0.1 M N aC lO ^  mM 
HC104. (C) Cyclic voltammograms (scan rate 100 mV s'1) for (i) 0.75 pg, (ii) 1.5 pg, (iii) 
2.25 pg, and (iv) 3.0 pg nanotubes immobilised on boron-doped diamond, immersed in 2 
mM Medola’s blue, and transferred to 0.1 M NaC104. (D) Plot of the charge under the 
reduction peak versus the amount of T i0 2 nanotubes immobilised at the boron-doped 
diamond surface. (E) Plot of the charge under the reduction peak versus the concentration of 
Meldola’s blue in the adsorption solution.
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Next, for a fixed amount of 0.75 pg TiC>2 nanotubes deposited onto boron-doped 
diamond the concentration of Meldola’s blue in the deposition solution was varied. 
The electrode was immersed for 5 minutes, rinsed with water, and transferred into an 
aqueous 0.1 M NaC1 0 4  solution. The charge under the first reduction peak was 
evaluated and is plotted against the concentration of Meldola’s blue in the deposition 
solution (see Figure 8.5E). A Langmuirian model gives a reasonable fit and the
1 3parameters for adsorption, binding constant KMeidoia’s blue = 2500 mol' dm and
surface concentration 7 x 10‘5 mol g'1 are obtained (see Table 8.1). It is interesting to
2 1compare this value with the approximate BET surface area 150 m g' for this 
material, which suggests an area of ca. 19 A x 19 A per Meldola's blue molecule (or 
per negative charge on the surface). This value is not unreasonable when accounting 
for the probably less accessible surface area within tubes (the true molecular area is 
approximately 8 A x 14 A). It is interesting to compare these results with data for 
other types of adsorbed cations.
Table 8.1 Data for adsorption of cationic redox systems onto TiC>2 nanotubes.
Redox System Binding Constanta 
/ mol'1 dm3




Meldola’s blue 2500 ± 700 7 ± 2 x 10° Aqueous solution, 
5 minutes, 1.5 pg
NiJ+ 250± 100 4 ± 2 x 10* Aqueous solution, 
5 minutes, 15 pg
Cytochrome c 2 ±  1 0 0.9 ± 0.2 x io* Aqueous solution, 
5 minutes, 30 pg
a approximate, assuming Langmuirian adsorption (errors estimated), number of +1 
binding sites determined voltammetrically (errors estimated).c this apparent binding 
constant does not correspond to a true equilibrium value.
8.3.4 Adsorption and Electrochemistry of Ni2+ at TiC>2 Nanotube Surfaces
Next, the adsorption of a transition metal cation, Ni2+, from aqueous solution onto 
TiC>2 nanotube surfaces is investigated. Similar to the adsorption of Ni2+ into cation 
adsorbing clay materials1361, adsorption onto cation adsorbing TiC>2 nanotubes occurs
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readily. The TiC>2 nanotube material may be regarded as a support of 
electrocatalytically active nickel. In order to quantify the amount of nickel adsorbed 
from neutral aqueous solution, an alkaline electrolyte system, 1 M NaOH, was 
employed as the electrolyte for voltammetric measurements. Ni2+ was adsorbed for 5 
minutes from 20 mM aqueous solution onto Ti02 nanotubes immobilised at boron- 
doped diamond electrodes, rinsed with water, and transferred into aqueous 1 M 
NaOH. Under these conditions the Ni(II) hydroxide is oxidised reversibly to a 
catalytically active Ni(III) hydroxide (see equation 8.1[37]) and the magnitude of the 
voltammetric response can be taken as a measure of the amount of immobilised 
nickel.
Ni(OH)2 = NiO(OH) + e' (8.1)
Initial tests showed that in the absence of Ti02 nanotubes essentially no Ni2+ 
adsorption onto the freshly polished boron-doped diamond surface occurred. Figure 
8.6A shows typical voltammetric responses (scan 1 and scan 4 are shown). The 
oxidation and reduction are observed at 0.32 V and 0.27 V vs. SCE, respectively. 
The shape of the signal changes from the first to later potential cycles presumably 
due to structural changes during the initial oxidation. In similar experiments it was 
established that under these conditions the Ni2+ ions did not adsorb onto the surface 
of TiC>2 nanoparticles (see Figure 8.6B).
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Figure 8.6 (A) Cyclic voltammograms (scan rate 100 mV s'1, (i) first cycle, (ii) fourth cycle) 
for the oxidation of Ni2+ immobilised (5 minutes in 20 mM Ni2+) on 15 pg T i0 2 nanotubes 
and immersed in 1M NaOH. (B) Cyclic voltammograms (scan rate 100 mV s'1) for the 
oxidation of Ni2+ immobilised on (i) 15 pg T i0 2 nanotubes and (ii) 15 pg anatase 
nanoparticles. (C) Plot of the charge under the oxidation (black square) and the reduction 
(open square) peak obtained from voltammograms (100 mV s '1) for variable amounts of 
T i0 2 nanotubes immobilised at boron-doped diamond electrodes, immersed for 5 minutes in 
20 mM Ni2+, and transferred into 1 M NaOH. (D) Plot of the charge under the reduction 
peak obtained from voltammograms (scan rate 100 mV s'1) for 15 pg T i0 2 nanotubes 
immobilised at boron-doped diamond electrodes, immersed in Ni2+ solutions with variable 
concentration, and transferred into 1 M NaOH. (E) Cyclic voltammograms for the oxidation 
of (i) 100 mM, (ii) 150 mM, (iii) 300 mM, and (iv) 500 mM ethanol in 1 M NaOH at a 
boron-doped diamond electrode with 30 pg T i0 2 nanotubes immobilised after immersion 
into 20 mM Ni2+ solution.
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The adsorption of the Ni2+ ions onto the TiC>2 nanotubes was further investigated in 
order to determine the saturation concentration of nickel ions on the TiC>2 surface. 
When the amount of nanotubes immobilised on the BDD electrode was varied it was 
found that the nickel oxidation response generally increased with increasing amounts 
of nanotubes. From the limiting values (assuming that some dislodged TiC>2 material 
and non-homogeneity are responsible for the error) the surface coverage of ca. 1.3 x 
10' 5 mol g' 1 can be estimated (using a 20 mM Ni2+ solution and 5 minutes immersion 
for adsorption). By varying the concentration of Ni , the adsorption of nickel ions 
was found to be inconsistent with a Langmuirian isotherm (see Figure 8 .6 D) in 
particular at high Ni2+ concentrations. However, when forced into the data, the 
isotherm suggests a binding constant of ca. 2 0 0  mol' 1 dm3 and the number of binding 
sites 0.3 nmol for 15 pg TiC>2 . This corresponds to a number of cationic binding sites 
of 4  x 1 0 ' 5 mol g' 1 which is in good agreement with the value obtained for Meldola’s 
blue (see Table 8.1). The value of cation binding sites determined here may be 
regarded as evidence for purely electrostatic binding. However, as shown by the 
titration experiment there are approximately 1 0 0 -fold more cation binding sites and 
depending on the metal cation and adsorption conditions these can become 
available[38]. The deviation from Langmuirian adsorption could be associated with 
Ni2+ accessing more binding sites at higher Ni2+ concentration. Further work 
addressing the nature of binding sites and the effect of time on the adsorption process 
are in progress.
Previous studies have shown that nickel redox systems may act as a mediator for the 
oxidation of alcohols in alkaline media[39,40J and Ni2+ immobilised onto TiCb 
nanotubes shows a similar effect. When ethanol is added into the aqueous 1 M 
NaOH solution, a strong oxidation current commences at a potential where the 
Ni(III) is formed (see Figure 8 .6 E). Similar experiments with only Ti0 2  nanotubes or 
bare boron-doped diamond confirm that Ni(III) is essential for the oxidation to be 
observed. In the presence of ethanol an additional irreversible oxidation peak is 
present at +0.4 V vs. SCE directly following the oxidation of the Ni2+ and therefore
• 2 d "Ni adsorbed onto TiC>2 nanotubes is acting as an electrocatalyst. The amount of 
ethanol added to the electrolyte solution was varied and the voltammetric response 
for the oxidation of the ethanol was found to increase approximately linearly within 
the concentration range 10 mM to 500 mM.
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8.3.5 Adsorption and Electrochemistry of Cytochrome c at Ti0 2  Nanotube Surfaces
Experiments with the redox protein cytochrome c are conducted in order to establish 
the ability of Ti0 2  nanotubes to act as a novel substrate for biological redox systems. 
Ferrocytochrome c is a redox protein with a diameter of ca. 3.4 nm[41], an overall 
charge at neutral pH of +9[42\  and the ability to reversibly exchange one electron 
from a covalently bound heme unit.
Fe(III) cytochrome c + e* ^  Fe(II) cytochrome c (8.2)
It has previously been shown that cytochrome c can be surface immobilised by 
electrostatic interaction 4^31 and that it remains active on a range of electrodes with 
negative surface functionalities such as carboxylate[44], polysulfonates[45], 
polyphosphate (DNA)[461, and phytic acid modified surfaces^471. The positively 
charged lysine-rich region of the protein is responsible for docking the protein to 
complementary negatively charged surfaces and enabling electron transfer (in nature 
with cytochrome c oxidase). Cytochrome c may be considered as a model system for 
biological electron transfer and bioelectrocatalysis due to similarities with other 
heme-type redox proteins.
Boron-doped diamond electrodes were prepared by immobilising various amounts 
on TiC>2 nanotubes onto the boron doped diamond electrode surface and immersion 
into in a solution of cytochrome c for 5 minutes. The electrode was rinsed and cyclic 
voltammetry performed in aqueous phosphate buffer at pH 7. In the absence of TiC>2 
nanotubes no signal for cytochrome c was detected. This is consistent with a 
previous study showing that diffusion controlled electron transfer between boron- 
doped diamond and cytochrome c occurs without strong interaction^81. Figure 8 .7A 
shows cyclic voltammograms for the reduction of cytochrome c immobilised onto 30 
pg TiC>2 nanotubes after immersion into aqueous solutions of cytochrome c 
containing 0.1 mM, 0.3 mM, and 0.8 mM of the protein. A well-defined and 
reversible response with Emjd= 0.01V vs. SCE is detected and is consistent with 
earlier reports for cytochrome c immobilised in mesoporous TiC>2 films[49]. The 
voltammetric signal is stable over prolonged periods of potential cycling and
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therefore loss o f  the protein from the surface after im m obilisation appears to be 
insignificant. The resistive nature o f the voltam m etric signals (broad peaks and 
increasing peak-to-peak separation with increasing amounts o f  deposit) m ay be 
attributed to sluggish electron transfer betw een TiC>2 and the boron-doped diamond 
substrate rather than transfer between cytochrom e c and TiC^ nanotubes. V arying the 
scan rate (see Figure 8.7B) results in an approxim ately linear increase in current 
consistent w ith a surface immobilised redox system. For increased amounts o f  TiC>2 
nanotubes im m obilised onto the boron-doped diam ond electrode the peak height 
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Figure 8.7 (A) Cyclic voltammograms (scan rate 100 mV s '1) in 0.1 M phosphate buffer pH 
7 for the reduction and oxidation of cytochrome c on 30 pg T i0 2 nanotubes on boron-doped 
diamond immobilised by 5 minute immersion into (i) 0.1 mM, (ii) 0.3 mM, and (iii) 0.8 mM 
solution. (B) Cyclic voltammograms (scan rates (i) 10, (ii) 50, and (iii) 100 mV s'1) in 0.1 M 
phosphate buffer pH 7 for the reduction and oxidation of cytochrome c immobilised from 
0.5 mM solution onto 30 pg T i0 2 nanotubes on boron-doped diamond. (C) Plot of the charge
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under the cytochrome c reduction peak versus the amount o f T i0 2 nanotubes immobilised at 
the boron-doped diamond electrode. (D) Plot o f the charge under the cytochrome c reduction 
peak for 30 pg T i0 2 nanotubes immobilised, immersed into cytochrome c solutions of 
variable concentration, and transferred into 0.1 M phosphate buffer pH 7.
From the effect of concentration on the voltammetric response (see Figure 8.7D) it 
can be seen that a limit of approximately 30 pmol on 30 pg TiCh nanotube deposit 
exists and therefore a limit of 1 x 1 0 ' 6 mol g' 1 adsorption (this value is not optimised 
for time dependence or other parameters affecting the immobilisation). When taking 
into account the charge of overall +9 the number of cationic sites determined with 
cytochrome c is 0.9 x 10' 5 mol g '1, which is lower than values observed with 
Meldola’s blue and Ni2+ (see Table 8.1). However, the size of cytochrome c restricts 
the binding sites in the Ti0 2  nanotube deposit and a “full” coverage is unlikely to be 
achieved with the adsorption methodology.
8.4 Conclusions
TiC>2 nanotube material has been shown to act as a versatile substrate material for the 
immobilisation of cationic redox systems. The availability of cationic sites has been 
determined as approximately 7 x 1 0 ' 5 mol g'1. A much higher number of labile
i 1
protons ( 2  x 1 0 ' mol g ' ) within the TiC>2 nanotube structure suggests that an even 
higher loading with catalytically active Ni2+ can be achieved under more forceful 
conditions. The ability of TiC>2 nanotubes to conduct electrons at sufficiently 
negative potentials and to act as a support for redox proteins such as cytochrome c 
suggests future applications in biosensors.
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Elizabeth V. Milsom Chapter 9
9. Probing pH-Sensitive Redox Processes in a Mesoporous T i0 2- 
Nafion Film Electrode with Fourier-Transform Large-Amplitude 
Sinusoidally Modulated Voltammetry
9.1 Introduction
Alternating current (ac) voltammetry, first introduced in the 1950s[1], and intensively 
developed by Smith[2], is in principle a far more powerful technique than the dc 
method for quantitative evaluation of electrode processes. An alternating potential 
(Eac or AE) of known angular frequency (&>) is superimposed onto the waveform 
used in dc techniques, and the ac response measured as a function of dc potential and 
angular frequency to extract the kinetic and thermodynamic data. Consequently, a 
great deal of information additional to that available in dc voltammetry can be 
obtained[3l
Traditionally in ac techniques, such as impedance spectroscopy, theoretical treatment 
of data often requires the amplitude of the applied alternating potential to be small so 
that the solution may be linearised^. The use of a small ac amplitude gives rise to 
only extremely small second and higher harmonic current responses and the 
advantage of these higher harmonics (for example an ideally zero capacitive current 
or kinetic information at higher frequencies) can not be exploited.
Recently, however, ac voltammetric methods have undergone a considerable 
development, in particular with the availability of fast and affordable computing 
facilities^5, 6\  Instrumentation has been specifically developed that can exploit the 
attractive features of the large-amplitude method combined with fast Fourier- 
transformation. Complementary numerical simulations by Gavaghan et al[3] for all 
amplitudes of ac current has utilised the Fourier transform (FT) method of analysis 
to separate the dc signal and harmonics of the ac signal. Numerical simulations 
employing the same well known protocols applied in dc cyclic voltammetry 
combined with Fourier transform analysis then produce the dc and fundamental 
harmonic responses, in addition to resolved higher ac harmonics that emerge from 
non-linearities associated with the use of large-amplitude methods. The separation of
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the dc and ac harmonics gives rise to patterns of behaviour that are intuitively 
obvious and has enabled a simple protocol to be developed to estimate 
uncompensated resistance (Ru), capacitance of the double layer (Q/), and slow 
electron transfer kinetics ( in particular, the reversible potential E°, rate constant k0, 
and a from the Butler-Volmer model)[7]. Already work carried out exploiting this 
method has included elucidating an EC mechanism of a biocatalytic process 8^1 and 
the electron transfer mechanism associated with surface bound proteins[9].
Here we use the method of large-amplitude sinusoidally modulated voltammetry 
(LASMV) to investigate the conductivity of a Ti0 2 -Nafion® film electrode (see 
chapter 3) and to probe the oxidation mechanism for immobilised ferrocenylmethyl- 
trimethylammonium+ (TMAFc+) within the TiCVNafion® film. From traditional 
cyclic voltammetry two electrochemical processes for the oxidation of TMAFc+ are 
seen, process 1 (a reversible one electron transfer of the TMAFc+ present at the ITO 
surface), and process 2 (the irreversible reduction of TMAFc+ by electron conduction 
through the TiCVNafion® film). LASMV allows further study of these electron 
transfer processes and additionally the assignment of an EC' mechanism for process 
2 is made. Finally, the low capacitive background of the second harmonic response 
is exploited to simplify read-out of potential differences for the Ti0 2 -Nafion® film 
and immobilised TMAFc+ over a range of pH values. Application of this system as a 
reference-free pH probe is explored.
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9. 2 Experimental
9.2.1 Chemical Reagents
Nafion® perfluorinated ion-exchange resin (5%wt., in a mixture of lower aliphatic 
alcohols and H2O), KC1, sodium acetate trihydrate, glacial acetic acid, 
ferrocenylmethyl-trimethylammonium iodide (all Aldrich) were obtained 
commercially and used without further purification. UO 2 sol (ca. 6  nm diameter, 
anatase, 30-35% in aqueous HNO3 , pH 0.5, TKS-202) was obtained from Tayca 
Corp, Japan. Solutions were prepared using filtered and deionized water with a 
resistivity of not less than 18 MQ cm.
9.2.2 Instrumentation
The Fourier transform (FT) ac voltammetric instrumentation utilised a conventional 
three-electrode potentiostat (Oxford Electrodes, UK) to generate the dc potential 
sweep. This was input into a 40MHz DDS fimction/Arbitary generator (Thurlby 
Thandar Instruments, Cambridgeshire, England) which added to the dc sweep the ac 
waveform. Input and output from the potentiostat was recorded on a deep memory 
oscilloscope (Agilent Technologies) with data transferred and processed on a 
personal computer. POT software (developed by D. Elton, La Trobe University, 
Melbourne) was used to perform the Fourier-transform inverse Fourier-transform 
calculations with data presented in the Origin (Microcal Software Inc) data graphics 
program. Conventional dc cyclic voltammetric experiments were undertaken with a 
micro Autolab III system (Eco Chemie, Netherlands).
A standard three-electrode electrochemical cell was employed in all electrochemical 
experiments, with a saturated calomel reference electrode, SCE, (Radiometer, 
Copenhagen) placed ca. 0.5 cm from the working electrode and a 2 cm x 2 cm 
platinum gauze counter electrode. The working electrodes were made from tin-doped 
indium oxide (ITO) coated glass (10 mm x 60 mm, 15 Q per square, Image Optics, 
Basildon, UK). The ITO electrode was rinsed with ethanol and water, heat treated in
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a furnace (Elite Thermal Systems Ltd.) for 1 h at 500°C, and re-equilibrated to 
ambient conditions prior to use. Prior to voltammetric experiments, solutions were 
de-aerated with argon (BOC). All experiments were conducted at a temperature of 
22 +/- 2°C.
9.2.3. Layer-by-Layer Formation of TiC>2 -  Nafion® Nanocomposite Films
The deposition procedure followed a literature procedure (see chapter section 3.2.3) 
and consisted of a sequence of liquid immersion steps with (i) a TiC>2 sol ( 6  nm 
diameter, 3%wt in aqueous nitric acid, pH ca. 2) for 60 seconds followed by rinsing 
with distilled water and methanol, (ii) dipping into Nafion® anionomer solution (ca. 
0.5 wt% in methanol) for ~10 seconds followed by rinsing with methanol and 
distilled water. This completed a single layer deposition for the simple TiCVNafion® 
film and the cycle was repeated to add more layers. Each deposition cycle adds 
approximately 25nm thickness of mesoporous TiC>2-Nafion to the thin film electrode 
(see chapter 3.3.1).
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9.3. Results and Discussion
9.3.1. Background LASMV Response of an ITO Electrode Coated with Mesoporous 
Ti0 2 -Nafion
Mesoporous Ti0 2  films have been studied with voltammetric and impedance 
techniques (see chapter 2 ) and depending on the solution environment are known to 
undergo chemically reversible reduction processes. A typical dc cyclic voltammetric 
response is shown in Figure 9.1 A. The onset of the reduction occurs at a potential of 
-0.6 V vs. SCE (in aqueous acetate buffer pH 5.5) and is observable with a very 
small current region (see P2). The main reduction process commences at ca. -0.7 V 
vs. SCE and is observed as an exponentially increasing current response (see PI). 
The process giving rise to this large reduction current has been described as a 
Ti(rWIII) process[l0] (equation 9.1).
PI: Ti(rV)02(bulk) + e' + H+(aq) Ti(III)OOH(bulk) (9.1)
Accordingly, the small initial reduction current (see P2) can be identified as a 
process located at more readily reduced surface sites (equation 9.2).
P2: T i(rV)02 (surface) + e + H+(aq) Ti(III)OOH(surface) (9.2)
These voltammetric reduction processes have been demonstrated to exhibit current 
magnitudes that are proportional to the amount of TiC>2 deposited at the electrode 
surface and to shift in potential by close to 59 mV per unit solution pH (in agreement 
with equations 9.1 and 9.2).
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Figure 9.1 (A ) Cyclic voltammogram and (B-E) LASM V voltammetric response for the 
reduction o f  a 20 layer T i0 2-Nafion electrode immersed in aqueous 0.1 M pH5.5 acetate 
buffer (scan rate lOOmVs'1): (B) fundamental harmonic current response, (C) second 
harmonic current response (18H z = red , 36Hz =  green, 72Hz = blue) frequency and 400m V  
amplitude, (D ) fundamental harmonic current response, (E) second harmonic current 
response (18H z frequency, amplitude 200m V = red, 240m V = green, 280m V = blue).
An additional voltammetric response (see P3) is observed in LASMV data. This 
process is due to the tin-doped indium oxide (ITO) surface film on the substrate 
electrode. Data recorded with a bare electrode (not shown) shows the same feature
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which is due to the increasing capacitance of the ITO (a highly degenerate n-type 
semiconductor). The fundamental harmonic in LASMV (see Figure 9.IB) strongly 
amplifies this background signal in comparison to the Ti0 2  capacitive current 
contributions. Also in the second harmonic (see Figure 9.1C) a broad peak for P3 is 
observed over the range of 0 to + IV.
In large-amplitude sinusoidally modulated voltammograms (LASMV) of 
mesoporous Ti0 2  several new features are observed. Figure 9. IB shows the first 
harmonic response as a function of the applied frequency. It can be seen that two 
processes, PI and P3, show significant responses and as the frequency is increased 
(from 18Hz to 36Hz and to 72Hz) P3 increases whereas PI seems constant. Both 
processes are believed to be essentially capacitive in nature (PI: charging of the TiC>2 
surface and P3: charging of the ITO surface) and for a RC circuit element the 
increase in frequency is associated with a corresponding decrease in impedance[11] 
(equation 9.3).
In this equation the total impedance of the RC element is determined by the 
resistance R, the capacitance C, and the angular frequency co. For both an increase in 
frequency and an increase in capacitance a limit of impedance is reached at |z| = R
and this can be observed in Figure 9.IB. The current amplitude is limited at 
approximately 1100 pA, which with an amplitude of 400 mV corresponds to a 
limiting resistance of R = 360 Q. This limiting resistance reflects the typical 
resistance of the ITO conducting layer leading into the cell. This resistance 
effectively limits the current response in the first harmonic.
The second harmonic signal (see Figure 9.1C) shows a strong feature at the potential 
where process P2 is observed and it is likely to be associated with the Ti(IV/III) 
redox process (equation 9.2). Here, the current response decreases with higher 
frequency. The fact that this signal is highly sensitive to the frequency is a sign for 
irreversible electron transfer and transport within the Ti0 2  film which is strongly
(9.3)
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suppressed at higher frequencies. However, this current response is also coupled to 
the ITO resistance and inspection of Figure 9. IB shows that the current simply 
converges towards the limit imposed by the impedance. Therefore, the peak for P2 in 
the second harmonic will disappear as the current response in the first harmonic 
converges to a constant value. Process P3 appears to undergo a shift to more positive 
potentials with increasing frequencies which may be linked to the characteristic 
shape of the ITO capacitance response (compare Figure 9. IB and 9.1C).
Next, the effect of the sinusoidal amplitude is investigated (see Figure 9. ID and 
9.IE). Increasing the amplitude from 400mV to 480mV and to 560mV generally 
increases the LASMV responses as expected for R and RC-type equivalent circuits. 
Only nodal zones in the second harmonic which reflect the maxima in the first 
harmonic responses remain zero, independent of the applied amplitude. In the next 
section the effects of an immobilised redox system within the mesoporous TiC>2- 
Nafion® film is investigated and compared to the well known LASMV 
characteristics for reversible solution redox systems.
9.3.2. LASMV Response of Ferrocenylmethyl-trimethylammonium+ Immobilised 
into Mesoporous TiCVNafion®
For solution redox systems with planar diffusion and with reversible electron 
transfer, data analysis for LASMV signals has been described and fully supported by 
computer simulation studies[7l  Here, immobilised redox systems within the TiCV 
Nafion® film deposit are investigated. The ferrocenylmethyl-trimethylammonium+ 
cation (TMAFc+) is readily immobilised by ion exchange adsorption onto the TiC>2- 
Nafion film (see chapter section 3.3.2). The reversible one electron transfer (equation 
9.4) occurs as an apparently diffusion controlled process due to the electron hopping 
process typical for redox systems in Nafion[12]. Figure 9.2A shows the peak shaped 
responses (see P4) with peak currents approximately linear to the square root of the 
scan rate (not shown).
P4: Fc2+(Nafion) + e'(ITO) < —* Fc+(Nafion) (9.4)





-1.0 -0.5 0.0 0.5
E / V  vSCE
1 0
Figure 9.2 (A) Cyclic voltammogram and (B-E) LASMV voltammetric response for the 
oxidation and reduction o f ferrocenylmethyl-trimethylammonium+ immobilised in a 20 layer 
T i0 2-Nafion® electrode (immersed in 0.1M acetate buffer pH5.5, scan rate lOOmVs'1): (B) 
fundamental harmonic current response, (C) second harmonic current response recorded at 
three different frequencies (18Hz = red, 36Hz = green, 72Hz = blue frequency) and with 
400mV amplitude, (D) fundamental harmonic current response, and (E) second harmonic 
current response at 18Hz frequency and with three different amplitudes 200mV = red, 
240mV = green, 280mV -  blue).
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In the first and second harmonic, LASMV responses (see Figure 9.2B and 9.2C) for 
ferrocenylmethyl-trimethylammonium+ oxidation is clearly observed and the 
response shape is consistent with a diffusion controlled redox system. Voltammetric 
experiments conducted at a range of different scan rates result in a typical peak 
current versus square root scan rate dependence which supports this conclusion (see 
chapter section 3.3.3). The effect of frequency on the first and second harmonic are 
investigated first. In Figure 9.2B it can be seen that a clear peak feature for process 
P4 is observed only at lower frequencies and the reason for this behaviour can be 
found in the RC impedance limit (see section 9.3.1). The resistance R of the ITO 
film electrode again creates a cut-off current limit, in this case of approximately 
1600 pA and only the frequency effect on the capacitive background is observed. In 
the second harmonic data (Figure 9.2C) the opposite effect is observed and the 
increase in frequency actually decreases the peak current. This decrease in second 
harmonic peak current is dominated by the ITO resistance effect and as the first 
harmonic response converges to a constant value the second harmonic converges to 
zero. The asymmetry of the response for P4 is readily explained based on the 
capacitive background for the ITO film which pushes the left of the current signal (at 
lower potentials) closer to the current cut-off.
A very interesting additional voltammetric feature is observed at a potential of -0.7 V 
vs. SCE very close to the onset of the Ti0 2  reduction process (see P4’). Oxidised 
ferrocenyltrimethylammonium is present within the Ti0 2 -Nafion matrix and not 
reduced in the process P4 due to the limited rate of charge diffusion within the 
mesoporous structure. However, at a potential of -0.7 V vs. SCE the electrical 
conductivity of Ti0 2  is increased (due to the presence of new charge carriers) and the 
indirect reduction via Ti0 2  becomes possible (P4', see equation 9.5).
P4': Fc2+(Nafion) + e'(Ti02) 4 = ^  Fc+(Nafion) (9.5)
The corresponding LASMV response for process P4' is not observed in the 
fundamental harmonic but clearly visible as an increased response in the second 
harmonic (see Figure 9.2C). The fact that rather than creating a new signal for this 
process, the signal for P2 is simply increased suggests that these two processes are
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linked and that P2 provides the conduction mechanism for the electrochemical 
process P4' to occur. The mechanism is that of a EC' process[13], however, with all 
reagent immobilized within the TiC>2-Nafion® film deposit.
The effect of frequency on the voltammetric signals is substantial in particular for 
the more irreversible signal P4'. This becomes almost invisible when going from a 
frequency of 18Hz to 72Hz. In contrast the amplitude parameter causes only minor 
changes in the LASMV responses (see Figure 9.2D and 9.2E). In the next section the 
effect of pH on the voltammetric response is explored.
9.3.3. LASMV Response of Ferrocenylmethyl-trimethylammonium+ Immobilised 
into Mesoporous TiCVNafion® as a Function of pH
It is well known that voltammetric processes are sensitive to proton activity if 
protons are involved in the chemical reaction steps before the rate determining 
process. Here, the reduction of TiC>2 is known to show a pH dependent shift. In 
contrast the oxidation of ferrocenylmethyl-trimethylammonium+ is expected to be 
independent of solution pH. If both processes can be combined, a reference-free pH 
probe can be developed. The design of reference-free pH probes based on carbon 
electrodes has been reported recently^14^ and the obvious benefit of this approach is 
the removal of the need for a precise and expensive reference electrode system.
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Figure 9.3 (A) DC cyclic voltammogram, (B) LASMV fundamental harmonic response, and 
(C) LASMV second harmonic response for the oxidation and reduction o f ferrocenylmethyl- 
trimethylammonium+ immobilised in a 20 layer TiCVNafion® electrode, immersed in 
aqueous 0.1M acetate buffer with pH4.5 (red), pH5.5 (green), and pH6.5 (blue) (scan rate 
lOOmVs'1, frequency 18Hz, amplitude 200mV). (D) Plot o f  the separation AE o f the 2nd 
harmonic node for P4 and the peak for P2 versus pH in Britton-Robinson buffer.
Here, the use o f LASMV is explored to simplify complex voltammetric responses 
and to simplify the read-out of potential differences in a reference-less pH probe. 
Figure 9.3 shows typical voltammetric and LASMV responses for a Ti02-Nafion® 
electrode with the ferrocenylmethyl-trimethylammonium+ redox system
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immobilised. In Figure 9.3A it can be seen that in contrast to the ferrocenylmethyl- 
trimethylammonium2+/+ redox system, the TiC>2 reduction is clearly pH sensitive. The 
reduction response shifts to more negative potentials in increasingly alkaline 
conditions. However, the voltammetric response for the TiC>2 reduction is complex 
and the shift is very difficult to quantify. In the first harmonic (see Figure 9.3B) the 
potential shift in the Ti0 2  response is more clearly observed and in the second 
harmonic (see Figure 9.3C) a well defined peak shift is observed.
Finally, measurements obtained over a wide pH range of 2-12 in Britton-Robinson 
buffer have been recorded. Figure 9.3D shows the potential separation of the second 
harmonic node for P4 and the peak for P2 with respect to pH. Over the range of pH2- 
8  there is a linear correlation between AE and pH, with a gradient of 90mV per pH 
unit. Above pH8  the potential shift becomes smaller and a relationship with a 
negative gradient is recorded. Although only useful over acidic pH range, the 
quantification of potential shift with pH is made possible only by analysing the 
second harmonic of the LASMV response.
9.4. Conclusions
Large amplitude sinusoidal modulated voltammetry (LASMV) has been applied to a 
complex electrode reaction with charge diffusion via hopping and electron transport 
via mesoporous TiC>2 . The analysis of fundamental and second harmonic responses 
allow mechanistic conclusions and the evaluation of a pH sensitive parameter. In 
future LASMV could be employed in sensor devices to enhance and optimise 
detection current.
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Summary
The work carried out in this thesis primarily involved the formation and 
characterisation of TiC>2 mesoporous films deposited onto ITO electrodes with 
applications as novel sensory devices. The films were deposited using a layer-by- 
layer methodology involving i) dip of substrate into a Ti0 2  particle solution, ii) dip 
of substrate into a organic binder solution. The range of binders used includes: 
molecular binders (such as phytic acid), polyelectrolytes (such as poly(diallyl- 
dimethylammonium chloride) and Nafion®) and redox active species (such as flavin 
adenine dinucleotide). The range of nanoparticles used to prepare new composite 
materials was also extended to include larger 40nm diameter TiC>2 nanoparticles, 
SnC>2 nanoparticles (ca. 2 0 nm diameter), TiC>2 nanotubes and gold nanoparticles (ca. 
20nm diameter). Each new composite material was shown to be stable and with 
pores capable of immobilising redox active species, when characterised both 
electrochemically and using surface techniques such as FEGSEM, AFM or 
SAXS/WAXS.
Thin mesoporous films of TiC>2 were demonstrated to allow immobilisation of redox 
active molecules such as ferrocenylmethyl-trimethylammonium+ or FAD. Electron 
exchange between the oxide host and the organic guest was shown to be dependent 
on the availability of a sufficient concentration of electrons/holes in the oxide and 
the kinetics of electron tunnelling. For both a TiCVNafion and a Ti(>2 -FAD film 
electrode, two types of voltammetric signal were observed; one shown to be 
reduction of the redox active species immobilised on TiC>2 but with electron transfer 
occurring directly from ITO and the second as reduction of the redox active species 
by diffusion of electrons through the Ti0 2  structure. Further investigation of this 
electron transfer mechanism using LAMSV allowed an EC’ type mechanism for the 
reduction of ferrocenylmethyl-trimethylammonium"1", via the Ti0 2 -Nafion film, to be 
concluded. At sufficiently negative potentials, voltammetry and impedance 
measurements suggest very fast transport of electrons within the oxide films, and an 
entirely new type of measurement (employing a TiC>2 phytate -  DO 2 FAD mixed
film) allowed a realistic estimate for the electron diffusion coefficient to be obtained
6 2 1as 10' m s" consistent with other literature estimates. Furthermore, clear evidence
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for a change in electronic structure upon calcination of TiC>2 composite films was 
obtained on comparison of the voltammetric responses for a TiC>2-FAD electrode and 
calcined T1O2 electrode with FAD immobilised from solution. It is possible that the 
calcination process has resulted in better inter-particle contact, resulting in improved 
mobility of electrons through the Ti0 2  structure.
Properties including high surface area, porosity, low cost of preparation and non­
toxicity make thin mesoporous Ti0 2  films desirable for a range of analytical, sensor 
and catalytic applications. Each composite in this thesis has shown promise for a 
range of applications. The low level detection of nitric oxide (NO) was shown at a 
Ti0 2 -gold composite. Although further mechanistic evaluation into the reduction of 
NO on gold is required, this composite shows promise as a potential biosensor. The 
preference for cationic redox systems allowed the binding sites of Ti0 2  nanotubes to 
be determined, as well as adsorption of the protein cytochrome c. The evaluation of 
proteins is important for both mechanistic details to be obtained as well as 
applications as sensory devices. Unfortunately both 40nm TiC>2 films and SnC>2- 
PDDAC composites were shown to be unsuitable for the immobilisation of the 
protein hemoglobin. It was shown that not only did the protein denature but total 
demetallation occurred. However under milder deposition conditions and in the 
absence of phosphate, some evidence for heme immobilisation was found, which 
may aid further development of composites that are suitable for protein 
immobilisation. Finally a TiCVNafion® film with immobilised ferrocenylmethyl- 
trimethylammonium+ was explored as a potential reference-free pH probe, using the 
LAMSV to simplify data evaluation. Although the probe showed a ‘linear response 
only over an acidic pH range, further development to a wide pH range would be 
possible by exploring other suitable redox systems.
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